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(57) ABSTRACT

Methods and apparatus for processing of GNSS data derived
from multi-frequency code and carrier observations are pre-
sented which make available correction data for use by arover
located within the region, the correction data comprising: the
ionospheric delay over the region, the tropospheric delay over
the region, the phase-leveled geometric correction per satel-
lite, and the at least one code bias per satellite. In some
embodiments the correction data includes an ionospheric
phase bias per satellite. Methods and apparatus for determin-
ing a precise position of a rover located within a region are
presented in which a GNSS receiver is operated to obtain
multi-frequency code and carrier observations and correction
data, to create rover corrections from the correction data, and
to determine a precise rover position using the rover obser-
vations and the rover corrections. The correction data com-
prises at least one code bias per satellite, a fixed-nature MW
bias per satellite and/or values from which a fixed-nature MW
bias per satellite is derivable, and an ionospheric delay per
satellite for each of multiple regional network stations and/or
non-ionospheric corrections. Methods and apparatus for
encoding and decoding the correction messages containing
correction data are also presented, in which network mes-
sages include network elements related to substantially all
stations of the network and cluster messages include cluster
elements related to subsets of the network.
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GNSS SIGNAL PROCESSING WITH
REGIONAL AUGMENTATION NETWORK

CROSS-REFERENCE TO RELATED
APPLICATIONS

The following are related hereto and incorporated herein in
their entirety by this reference: U.S. Provisional Application
for Patent No. 61/277,184 filed 19 Sep. 2009; International
Patent Application PCT/US2009/059552 filed 5 Oct. 2009;
U.S. Provisional Application for Patent No. 61/195,276 filed
6 Oct. 2008; International Patent Application PCT/US/2009/
004471 filed 5 Aug. 2009; International Patent Application
PCT/US/2009/004473 filed 5 Aug. 2009; International Patent
Application PCT/US/2009/004474 filed 5 Aug. 2009; Inter-
national Patent Application PCT/US/2009/004472 filed 5
Aug. 2009; International Patent Application PCT/US/2009/
004476 filed 5 Aug. 2009; U.S. Provisional Application for
Patent No. 61/189,382 filed 19 Aug. 2008; U.S. patent appli-
cation Ser. No. 12/224,451 filed 26 Aug. 2008, United States
Patent Application Publication US 2009/0027625 A1l; Inter-
national Patent Application PCT/US07/05874 filed 7 Mar.
2007, International Publication No. WO 2008/008099 A2,
U.S. patent application Ser. No. 11/988,763 filed 14 Jan.
2008, United States Patent Application Publication US 2009/
0224969 Al; International Patent Application No. PCT/US/
2006/034433 filed 5 Sep. 2006, International Publication No.
WO 2007/032947 A1; U.S. Pat. No. 7,432,853 granted 7 Oct.
2008; International Patent Application No. PCT/US2004/
035263 filed 22 Oct. 2004 and International Publication
Number WO 2005/045463 Al; U.S. Pat. No. 6,862,526
granted 1 Mar. 2005; and U.S. Provisional Application for
Patent No. 61/396,676, filed 30 May 2010

TECHNICAL FIELD

The present invention relates to the field of Global Navi-
gation Satellite Systems GNSS). More particularly, the
present invention relates to methods and apparatus for pro-
cessing of GNSS data with regional augmentation for
enhanced precise point positioning.

BACKGROUND ART

Global Navigation Satellite Systems (GNSS) include the
Global Positioning System (GPS), the Glonass system, the
proposed Galileo system, the proposed Compass system, and
others. Each GPS satellite transmits continuously using two
radio frequencies in the [.-band, referred to as .1 and L2, at
respective frequencies of 1575.41 MHz and 1227.60 MHz.
Two signals are transmitted on L1, one for civil users and the
other for users authorized by the United States Department of
Defense (DoD). One signal is transmitted on L2, intended
only for DoD-authorized users. Each GPS signal has a carrier
atthe L1 and L2 frequency, a pseudo-random number (PEN)
code, and satellite navigation data. Two different PRN codes
are transmitted by each satellite: a coarse acquisition (C/A)
code and a precision (P/Y) code which is encrypted for DoD-
authorized users. Each C/A code is aunique sequence of 1023
bits, which is repeated each millisecond. Other GNSS sys-
tems likewise have satellites which transmit multiple signals
on multiple carrier frequencies.

FIG. 1 schematically illustrates a typical prior-art scenario
to determine the position of a mobile receiver (rover). Rover
100 receives GPS signals from any number of satellites in
view, such as SV1, SV2, and SVM, shown respectively at
110, 120 and 130. The signals pass through the earth’s iono-
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2

sphere 140 and through the earth’s troposphere 150. Each
signal has two frequencies, [.1 and [.2. Receiver 100 deter-
mines from the signals respective pseudo-ranges, PRI,
PR2, . . ., PRM, to each of the satellites. Pseudo-range
determinations are distorted by variations in the signal paths
which result from passage of the signals through the iono-
sphere 140 and the troposphere 150, and from multipath
effects, as indicated schematically at 160.

Pseudo-range can be determined using the C/A code with
an error of about one meter, a civil receiver not using the
military-only P/Y code determines rover position with an
error in the range of meters. However, the phases of the [.1
and [.2 carriers can be measured with an accuracy of 0.01-
0.05 cycles (corresponding to pseudo-range errors of 2 mm to
1 cm), allowing relative position of the rover to be estimated
wish errors in the range of millimeters to centimeters. Accu-
rately measuring the phase of the [.1 and [.2 earners requires
a good knowledge of the effect of the ionosphere and the
troposphere for all observation times.

Relative positioning allows common-mode errors to be
mitigated by differencing the observations of the rover with
observations of a reference station at a known location near
the rover, e.g., within 50-100 km. The reference station obser-
vations can be collected at a physical base station or estimated
from observations of a network of reference stations. See for
example U.S. Pat. No. 5,477,458 “Network for Carrier Phase
Differential GPS Corrections” and U.S. Pat. No. 5,899,957
“Carrier Phase Differential GPS Collections Network.”

Precise point positioning (PPP), also called absolute posi-
tioning, uses a single GNSS receiver together with precise
satellite orbit and clock data to reduce satellite-related error
sources. A dual-frequency receiver can remove the first-order
effect of the ionosphere for position solutions of centimeters
to decimeters. The utility of PPP is limited by the need to wait
longer than desired for the float position solution to converge
to centimeter accuracy. And unlike relative positioning tech-
niques in which common-mode errors are eliminated by dif-
ferencing of observations, PPP processing uses undifferenced
carrier-phase observations so that the ambiguity terms are
corrupted by satellite and receiver phase biases. Methods
have been proposed for integer ambiguity resolution in PPP
processing. See, for example, Y. Gao et ah, GNSS Solutions:
Precise Point Positioning and Its Challenges, Inside GNSS,
November/December 2006, pp. 16-18. See also U.S. Provi-
sional Application for Patent No. 61/277,184 filed 19 Sep.
2009 (TNL A-2585P).

Improved GNSS processing methods and apparatus are
desired, especially to achieve faster convergence to a solu-
tion, improved accuracy and/or greater availability.

SUMMARY

Improved methods and apparatus for processing of GNSS
data with augmentation for enhanced precise positioning are
presented.

Some embodiments of the invention provide methods and/
orapparatus for processing of GNSS data derived from multi-
frequency code and carrier observations are presented which
make available correction data for use by a rover located
within the region, the correction data comprising: the iono-
spheric delay over the region, the tropospheric delay over the
region, the phase-leveled geometric correction per satellite,
and the at least one code bias per satellite.

Some embodiments provide methods and apparatus for
determining a precise position of a rover located within a
region in which a GNSS receiver is operated to obtain multi-
frequency code and carrier observations and correction data,
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to create rover corrections from the correction data, and to
determine a precise rover position using the rover observa-
tions and the rover corrections.

In some embodiments the correction data comprises at
least one code bias per satellite, a fixed-nature MW bias per
satellite and/or values from which a fixed-nature MW bias per
satellite is derivable, and an ionospheric delay per satellite for
each of multiple regional network stations and/or non-iono-
spheric corrections.

In some embodiments the correction data comprises at
least one code bias per satellite, a fixed-nature MW bias per
satellite and/or values from which a fixed-nature MW bias per
satellite is derivable, and an ionospheric delay per satellite for
each of multiple regional network stations and an ionospheric
phase bias per satellite, and/or non-ionospheric corrections.

Some embodiments provide methods and apparatus for
encoding and decoding the correction messages containing
correction data in which network messages include network
elements related to substantially all stations of the network
and cluster messages include cluster elements related to sub-
sets of the network.

Some embodiments provide regional correction data
streams prepared in accordance with the methods and suitable
for broadcast and use by mobile GNSS receivers within a
network area.

Some embodiments provide computer program products
embodying instructions for carrying out the methods.

BRIEF DESCRIPTION OF DRAWING FIGURES

These and other aspects and features of the present inven-
tion will be more readily understood from the embodiments
described below with reference to the drawings, in which:

FIG. 1 schematically illustrates a typical prior-art scenario
to determine a rover position;

FIG. 2 schematically illustrates a system in accordance
with some embodiments of the invention;

FIG. 3 schematically illustrates a global network processor
in accordance with some embodiments of the invention;

FIG. 4 schematically illustrates a regional network proces-
sor in accordance with some embodiments of the invention;

FIG. 5 schematically illustrates a regional network process
in accordance with some embodiments of the invention;

FIG. 6 schematically illustrates augmented precise point
positioning in accordance with some embodiments of the
invention;

FIG. 7 schematically illustrates generating synthetic refer-
ence station data for augmented precise point positioning in
accordance with some embodiments of the invention;

FIG. 8 schematically illustrates augmented precise point
positioning wills differential processing in accordance with
some embodiments of the invention;

FIG. 9 schematically illustrates augmented precise point
positioning with differential processing in accordance with
some embodiments of the invention;

FIG. 10 schematically illustrates augmented precise point
positioning with differential processing accordance with
some embodiments of the invention;

FIG. 11 schematically illustrates construction of synthetic
reference station observations in accordance with some
embodiments of the invention;

FIG. 12 schematically illustrates an ionospheric shell and a
portion of a tropospheric shell surrounding the Earth;

FIG. 13 illustrates a slanted ray path from a satellite to a
receiver passing through the troposphere;

FIG. 14 illustrate the relation between Total Electron Con-
tent along a slant path and Vertical Total Election content;
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FIG. 15 illustrates how ionosphere parameters describe the
ionosphere at a piercepoint relative to a reference point;

FIG. 16 schematically illustrates troposcaling in accor-
dance with some embodiments of the invention;

FIG. 17 schematically illustrates spacing of locations for
geometric correction terms are determined in accordance
with some embodiments of the invention;

FIG. 18 schematically illustrates a linear model for deter-
mining the geometric correction at a rover location from
geometric corrections three arbitrary locations in accordance
with some embodiments of the invention;

FIG. 19 schematically illustrates ionospheric delay IPBS at
a physical base station location PBS and ionospheric delay
ISRS at a synthetic reference station location SRS;

FIG. 20 schematically illustrates regional correction, mes-
sage encoding in accordance with some embodiments of the
invention;

FIG. 21 schematically illustrates clusters of regional net-
work stations in accordance with some embodiments of the
invention;

FIG. 22 shows an example of a rover located within a
regional network having clusters in accordance with some
embodiments of the invention;

FIG. 23 is a schematic diagram of a computer system in
accordance with some embodiments of the invention; and

FIG. 24 is a schematic diagram of a GNSS receiver system
in accordance with some embodiments of the invention;

DETAILED DESCRIPTION

Part 1: Introduction

Methods and apparatus in accordance with some embodi-
ments involve making available and/or using correction data
with rover observations of GNSS satellite signals for precise
navigation or positioning of a rover located within a region.
The correction data comprises (1) at least one code bias per
satellite, i.e. a fixed-nature MW bias per satellite (or values
from which a fixed-nature MW bias per satellite is derivable),
(2) a phase-leveled geometric correction per satellite derived
from the network fixed double difference ambiguities, and (3)
anionospheric delay per satellite for each of multiple regional
network stations, and optionally an ionospheric phase bias
per satellite, and/or non-ionospheric corrections.

The corrections are determined at least in part from code
and carrier phase observations of GNSS satellite signals by
reference stations of a network distributed over the region.
The code bias is derived from fixed ambiguities (e.g., double-
differenced) of the regional reference station network.

The corrections enable reconstruction of code and phase
observations of the reference stations. The ability to recon-
struct the geometric part (ionospheric-free observation com-
binations) is based on the phase-leveled geometric correction
term per satellite. This geometric correction term encapsu-
lates the integer nature of the ambiguity and compensates the
orbit error and satellite clock error seen in the regional refer-
ence station network.

If m stations of the regional network observe n satellites,
the transmission bandwidth needed to transmit mxn observa-
tions and mxn carrier observations on each GNSS frequency
would be impractical. Some embodiments of the invention
substantially reduce this bandwidth requirement. Only one or
three geometric corrections is/are transmitted for each of the
n satellites in accordance wills some embodiments. Only one
code bras is transmitted for each of the n satellites in accor-
dance with some embodiments. Only one tropospheric value
is optionally transmitted for each of the m stations. The non-
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ionospheric part of the regional network correction comprises
the code biases, phase-leveled geometric correction and the
optional tropospheric values.

In some embodiments, the ionospheric part of the regional
reference station network correction is based on observation
space. It is derived from the ionospheric carrier-phase dual-
frequency combination minus the ambiguity determined
from processing the regional network observations. Thus
mxn ionospheric corrections are optionally transmitted for
processing of rover observations.

In some embodiments, an absolute ionosphere model esti-
mated from the network, or a global/regional ionosphere
model like WAAS, TONEX or GAIM is used; an ionospheric
phase bias per satellite and per station is derived together
with, the ionospheric correction per satellite per station. Thus
mxn Ionospheric corrections plus n ionospheric phase biases
are optionally transmitted for processing of rover observa-
tions. Carrier phase observations of the regional network’s
reference stations (e.g., on carriers .1 and [.2) can be folly
reconstructed using the geometric part (phase-leveled geo-
metric correction and tropospheric corrections) together with
the ionospheric part (ionospheric corrections and optional
ionospheric phase biases). If the optional tropospheric cor-
rections are not provided, the tropospheric delay at the rover
can be estimated in rover processing, at the cost of slower
convergence.

Double differencing of the reconstructed observations of
the regional network stations with raw [.1 and L2 carrier-
phase observations of the rover receiver results in ambiguity
values which are close to integer.

Some advantages of this approach are:

No master station is required. This leads to a simpler algo-
rithm for generating synthetic reference station, data and
reduced burden for encoding and decoding the correc-
tion messages when, these are transmitted for process-
ing of rover observations.

Multipath mitigation and noise reduction. The phase-lev-
eled geometric correction term per satellite is generated
using all stations in the regional reference station net-
work. Reconstructed observations thus mitigate the mul-
tipath of all stations, instead of the inherent mitigation of
the full multipath and noise of a master station. In addi-
tion, the ionospheric part is in some embodiments
smoothed over time by the regional network processor to
reduce noise.

Smooth transition from only global network corrections to
global corrections augmented with regional corrections
when the rover moves into aregion covered by aregional
network. The regional corrections add a geometric cor-
rection per satellite together with ionospheric and/or
non-ionospheric corrections. When a rover moves into a
region covered by a regional network, processing of the
rover observations benefits immediately from the added
regional corrections.

Bandwidth reduction. With a regional network of, for
example, 80 reference stations tracking 12 satellites, a
transmission bandwidth of about 2200-2500 bits/second
should provide an update rate of 10 seconds even with-
out optimizations (described below) that become pos-
sible because of the changed information content of the
messages.
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Part 2: Reconstructing Code and Carrier-Phase Observations
Part 2.1. Carrier-Phase Observation Bats with Fixed Double-
Difference Ambiguities

GPS L, and L, carrier phase observations can be expressed
as:

Li=0igr=p+T+1L+c- (6, =)+ b] —=b] + LIN1 +v; (1)

A @
Ly=p=p+T+ ﬁll +e (t, =)+ B =B + LNy + v
1

where

L, and L, are the I, and L, carrier phase observations in
metric units,

¢, and ¢, are the [, and L, carrier phase observations in
cycles.

p is the geometric range between antenna phase centers of
satellite and receiver,

T is the tropospheric delay,

1, is the L, ionospheric delay,

t* and t, are the satellite clock error and receiver clock error,
respectively,

b,"andb,” are the satellite L., phase bias and satellite L, phase
bias, respectively,

b, andb,” are thereceiver L, phase bias and satellite L, phase
bias, respectively,

N, and N, are “true” L., and L, integer ambiguities, respec-
tively, and

v, and v, are phase noise plus multipath of L, and L,, respec-
tively.
The ionospheric-free carrier-phase observation can be

expressed as

Lip=p+T+c-(t, =)+ bl — b5 + Ne + v, (3)
where

A A o A L, ik )
TR RTR TR T hen R

is the ionospheric-free ambiguity,
o 3 o, A o )
CTAN-GT 8-y
and
A3 A2

="t p

TR-NT AN

are respectively the receiver and satellite ionospheric-free
satellite phase biases, and
N, =N;-N>. 6
is the widelane ambiguity.
The ionospheric phase observation L, mapped to fre-
quency L, can be written as

L A (Ly—L) =1 + b —b5 +N, @
= 55— - =L +b; -b; +N;+v

11 l%—l% 1 1 I I I I

where

N M A N LMy ®)
S P VS e D VIS VR P Wy
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is the ionospheric ambiguity, and

B ©
T-© (b —by) and

by =

A2 A2
S Sy R

b =
XA T N-8T

are respectively the receiver and satellite ionospheric phase
biases.

The formulas are simplified by forming the single difter-
ence of observations of two satellites at each reference station
to cancel out receiver clock error and receiver phase bias. The
single-difference L1 and .2 carrier-phase combinations are

VI =NV =Vp+VT+ VI —c-VE+VE + A VN, + Vi, (10)

23 (1D
VI =MV =Vp+VT+ A—jvh — VP VD + VN, + Vi,
1

The single difference ionospheric-free phase is then
expressed as

(12

23
-4

A1z

VL=V VT -cVP+Vb
IF p+ VI + VD, + T+,

VN, +

VN; +Vu,

Assuming the single difference integer ambiguities esti-
mated by the network processor are VN, VN,,, the estimated
single-difference ionospheric-free satellite phase bias Vb’
can be derived as

PpY: (13)

A -af

Ajdy
LN

VE§=VLC—vp—vT+cv?—( 2

where

Vp is the single difference geometric range computed from
tire ephemeris,

Vt' is the single difference satellite clock error computed
from the ephemeris, and

VTisthe single difference tropospheric delay estimated in the
network processor.

If the satellite orbits and clocks are perfect and the tropo-
spheric delays estimated from the network are also perfect,
and ignoring the phase noise, the relationship of the derived
single-difference ionospheric-free satellite phase bias Vb’ to
the “true” bias Vb’ is

VB =V + AL (VN, — VN, + Aidy (VN; — VN,) a9
i (Y IRpY: w W 2 2
73 A
=VE + =2 VAN, + — 2 VN,
A%—l% AL +A;

The derived single-difference ionospheric-free satellite
phase bias is offset by a linear combination of integer
widelane and L2 cycles if the fixed ambiguities are not equal
to the “true” ambiguities. If the double difference ambiguities
between all the reference stations are fixed correctly, this
equation is valid for ah the stations
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A network-derived ionospheric-free phase bias per satel-
lite is generated by combining the ionospheric-free biases
derived from all stations (for example, by averaging or least
squares). In reality, the orbit, clock computed from ephemeris
and estimated tropospheric delay are not perfect, all the com-
mon errors mapped to hue of sight from receiver to satellite
are absorbed by this satellite bias term. As this term preserves
the integer nature of phase observations and purely geometric
correction, this term is also called a phase-leveled geometric
correction.

The single difference ionospheric phase observation can be
expressed as

3 2

A1
VNW + msz +VV[.

Vin=Vh 4V - 4
= + -
HETTTTRCR

Ignoring the phase noise and assuming the satellite bias
cannot be separated from the ionospheric delay, with the
network derived single difference ambiguities the derived L1
ionospheric delay is expressed as:

P pv (16
VN - T YV

VI =VLi+| ==

1 11 (A%—Af

A (VN =VN,) + i
Y YT AL+,

:V11+Vb§—/1%_/1%

(VN, -V Ny)

3 2

Th+vE - 1 _van, A
= + — o+
VTYITNR IR A+,

VdN,.

This is not the “true” ionospheric delay, but is biased by a
combination of integer widelane, [.2 cycles and an iono-
spheric phase bias.

Alternatively, if the absolute ionosphere model is esti-
mated with the network data (for example as described in U.S.
Provisional Application for Patent No. 61/396,676, filed 30
May 2010, the content of which is incorporated herein by this
reference), or a global ionosphere model is available (for
example WAAS, GAIM, or IONEX), by using Eq (15), the
satellite ionosphere bias can be estimated with a least squares
filter or Kalman filter. To avoid rank deficiency, one satellite
bias can be set to zero, or a zero mean constraint (the sum of
all satellite biases equal to zero) can be used.

The L1 ionospheric delay can be expressed as:

83 22

VN, -
B-a2 N+,

(16a)

VN,

VI =VLi, —ij+(

Where Vb, the estimated single difference ionospheric phase
bias.

The main difference between Eq (16) and Eq (16a) is that,
in Eq (16a), the single-differenced ionospheric satellite phase
bias Vb, is estimated with an ionosphere model and excluded
from single-differenced ionospheric correction, while in Eq
(16) the single-differenced ionospheric satellite phase bias
Vb, is inherently included in the ionospheric delay.

In principle, with Eq (16), it is not necessary to estimate at;
ionosphere model over the network as far as the network
ambiguities can be fixed, i.e., with the MW combination to fix
widelane ambiguities and ionospheric-free phase combina-
tion to fix narrowlane ambiguities. An advantage of this
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approach is that the system is insensitive to the activity of
ionosphere. A disadvantage is that the derived ionospheric
correction is not bias free. For satellite-to-satellite single-
differenced ionospheric correction, it contains the single-
differenced satellite ionospheric phase bias. For undifter-
enced ionospheric correction, it contains a satellite
ionospheric phase bias and a receiver ionospheric phase bias.
So the ionospheric correction generated with Eq (16) is only
consistent in double difference. This means the computation
of'the ionospheric correction at a Synthetic Reference Station
(SRS) location has to be done in differential way—difference
between the SRS location and a nearby physical reference
station (termed a Physical Base Station, or PBS) and then add
to the ionospheric correction, from one of the physical refer-
ence stations. This implies that the SRS data cannot be gen-
erated for a satellite for which ambiguities are not fixed at the
PBS. If there are only a few satellites in view at the SRS
location or the satellite geometry is bad, this could lead to
large positioning error for the rover.

In contrast, the ionospheric correction generated with Eq
(16a) is consistent with the used absolute ionosphere model.
By estimating the satellite/receiver ionospheric phase bias,
the derived ionospheric corrections are consistent in undif-
ferenced mode, so the generation of ionospheric correction at
the SRS location does not rely on any physical reference
station. Insofar as ambiguities are fixed for a satellite at some
reference stations, the ionospheric correction can be gener-
ated for the SRS location. When used with tire ionospheric-
free correction per satellite, the generated SRS data is fully
synthetic.

With derived single difference ionospheric-free satellite
phase bias and ionospheric delay/ionospheric satellite phase
bias, L1 and L2 phase observations can be fully recon-
structed. The reconstructed single difference .1 carrier phase
is

VI =MV, =V +V an
A2
=Vp+ VT = VP + VB + VN, +
A5 -4
M2 Gy £V 4V A VN
+ + + (S
PTG v v
Mg
A, R

=Vp+ VT —cVE+ VI + Vb + A (VdN,, + VdN3)

=Vp+ VT —-cVE+VI + Vb + 4, VaN,

and the reconstructed single difference L2 carrier phase is

— R LA (18
VI =2V, =VI+ VI
1

by,
=Vp+ VT —cVE+VE + VaNn,, +
A3 -23
A
mde2+
A A 0%
VI +Vb) + VdN,, + ————VdN, | —=
( LTI R Nt R
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-continued

AZ
=Vp+VT -V + /I_ZVII + VB + 0,V dN,
1

Comparing Eq. (17) and Eq. (18) with Eq. (10) and Eq. (11),
it can be seen that the reconstructed single difference [.1 and
L2 phases are the original phases plus an offset of integer
ambiguity.

The formulas above are derived in satellite-to-satellite
single differences. These apply to non-differenced observa-
tions if a receiver-dependent bias is added to each satellite
observed at the reference station. The receiver bias term is
absorbed by the receiver clock term.

Tropospheric delay is estimated in the regional network
using zenith total delay (ZTD) per station or a troposcaling
factor per station and using a standard tropospheric model
(e.g. Neill, Hopfield, etc.) and a mapping function to map a
tropospheric delay for line of sight from each reference sta-
tion to each satellite, in some embodiments. The a priori
tropospheric model used at the regional network processor is
tire same as that used in processing of rover observations in
some embodiments.

The relation between the estimated tropospheric delay to
estimated zenith total delay and troposcaling can be written
as:

T=ZTD-MP=(1+T,)-ZTD,,,.,. MP (19)

where:

T is the tropospheric delay of a given satellite at a reference

station.

ZTD is the estimated tropospheric zenith total delay at the

reference station,

MP is the snapping function of the a priori troposphere

model used in the network processor,

T, is the troposcaling factor, and

ZTD,,, .; 1s she zenith total delay computed from the a

priori troposphere model.
Part 2.2 Reconstructing [.1 and [.2 Pseodorange Observations

For the narrow-lane pseudo-range combination P,, nar-
row-lane code biases (derived, for example, from a global
network) are applied to obtain integer nature wide-lane car-
rier phase ambiguities using wide-lane carrier minus narrow-
lane code fibers; this is also known as the Melbourne-
Wiibbena (MW) wldelaning technique.

The constructed narrow-lane code combinations are bias
free in the sense of a geometric pseudorange measurement if
the MW code bias is estimated in the regional network pro-
cessor. If the MW code bias is derived from another source
(e.g., a global network) and applied in the regional network
processor to determine widelane ambiguities, the constructed
narrow-lane codes are also bias free. While it is not required
that the narrowlane code be bias free, in some embodiments it
is bias free.

The single difference narrowlane code and widelane phase
can be written, respectively, as

A 20
—= VI +VBy+Vey,

VPy=Vp+VT-cVr+
NEYE ¢ g —2,)?

Vig =Awew = @

2

X
2 VI +Vbw +AwVNw + V.

Vo+VT -V + ———
=212
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The Melbourne-Wiibbena combination is given by

lwvﬁw = (22)
> (T Ly - VPy)

+ (Vby — VBy) = =
n n

> (L -VPy)
= +VBNW

where VB,;;-is the MW code bias derived, for example, by
the global network processor. This MW code bias term VB, ;-
is a combination of code bias and carrier-phase bias and is
used when fixing the widelane ambiguity in the network
processing.

Narrowlane code observations and ionospheric-free code
observations can be reconstructed respectively as

VPy=VL & VI, +VB e
SViet ——— +

N (AZ —/\1)2 1 NW

VPr=VLg (24)

Finally, .1 code observations and 1.2 code observations
can be reconstructed respectively as

VP =VLr-VI +aVBywy (25)
. A (26)
VP, =VLp- /1_2V11 + AV Byw
1
where @ = - and p= /1—2
T A

By using these two factors, the MW code bras term is can-
celled out in she ionospheric-free code combination and is
only present in narrowlane code combination.

In summary, the regional network processor generates cor-
rection terms comprising a code bias per satellite and at least
one of an ionospheric delay per satellite and a non-iono-
spheric correction. They may include:

A satellite-dependent bias term per satellite derived from
the network fixed double difference ambiguities. This
bias term encapsulates the integer nature of the ambigu-
ities and compensates the orbit error and satellite clock
error seen its the regional reference station network (Eq.
13).

A tropospheric zenith total delay per station or troposcal-
ing per station (Eq. 19).

An ionospheric correction per station per satellite (Eq. 16)
or, alternatively, art ionospheric correction per station
per satellite plus an ionospheric phase bias per satellite
Eq. (16a).

An MW code bias term. This term can be derived from a
global network processor or regional network (Eq.22).
For an explanation of the satellite dependent bias term,
also called “uncalibrated phase delays” (“UPD”), see Ge
et al., “Resolution of GPS carrier-phase ambiguities in
Precise Point Positioning (PPP) with daily observa-
tions,” Journal of Geodesy, Vol. 82, No. 7, July 2008,
pages 401-412.

Code observations and carrier-phase observations of each

reference station in the regional network can be reconstructed
using these corrections.
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Part 2.3 Constructing Synthetic Reference Station Data for
Processing of Rover Observations

The construction of synthetic reference station (SRS) data
is similar to the reconstruction of pseudorange and carrier
phase data at a reference station described in Part 2.2 above,
except that the tropospheric delays are derived (or interpo-
lated) from the troposcaling (zenith total delay) corrections
and the and the ionosphere delays are derived (or interpo-
lated) from the ionospheric corrections supplied by the
regional network.

For example, constructed observations for an SRS location
within the region of the regional network are given by

Lig = M@ oo = (Pops = P +B) + Isgs + Tsrs, @n
+ R . s M (28)
Lasrs = 28y = (Psgs =T +bc) + EIISRS + Tsgs,

Tsrs = (TSsrs + 1) ZTDmodergps - MP, 29)

where:

tlSRS is the constructed SRS L1 carrier-phase observation in
metric units,

I:2s1es is the constructed SRS 1.2 carrier-phase observation in
metric units,

(/‘\)ISRS is the constructed SRS L1 carrier-phase observation in
cycles,

&)2% is the constructed SRS .2 carrier-phase observation in

_ cycles,

Pszs 1s the geometric range from the selected (SRS) location
to the satellite computed from ephemeris (precise orbits
350 and clocks 375 from global network processor, or IGU
URO; or broadcast orbits and clocks from satellite naviga-
tion message or any other source of orbits and clock with
enough accuracy to correctly fix ambiguities in the regional
network processor; the required accuracy depends on the

_ size of the regional network),

t’ is the satellite clock error computed from ephemeris,

b.’ isthe phase-leveled geometric correction derived from the

network processing,

14 18 the ionospheric correction mapped to GPS L1 fre-

quency for the selected (SRS) location,

Toxs is the tropospheric correction for the selected (SRS)
location, and

TS ¢ 518 the troposcaling for the selected (SRS) location from
regional network troposcaling estimation.

Synthetic reference station (SRS) observations are in some
embodiments generated its an SRS module. The SRS module
can be situated at the regional network processor (at the
“server side,” e.g., in a server computer), at the rover (at the
“rover side,” e.g., in the rover processor or in a client com-
puter associated with the rover), or at any other suitable
location.

If the SRS observations are generated at the regional net-
work processor, the ephemeris used to generate SRS correc-
tions can be exactly the same as the one used in the network
processing, b_® can be used directly to generate SRS observa-
tions.

However, if the SRS observations are generated on the
rover side, transmission latency and data corruption via the
communication link from network processor to rover side
processor may make it impractical or impossible to assure the
same ephemeris is used unless a complicated validation algo-
rithm is implemented. Instead, in sense embodiments a geo-
metric correction which contains geometric range for art arbi-

1
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trary location combined with (minus) satellite clock error and
(plus) satellite bias is transmitted. This geometric correction
term carries over to the rover side the orbit and clock used on
the server side, avoiding the need to maintain consistency of
orbit and clock between server side and rover side.

In addition, if this geometric correction term is transmitted
for three arbitrary locations (e.g., within the region of the
regional network), a linear model can be used to compensate
the satellite orbit error for other locations (e.g., the selected
SRS location which may be a rover location known only with
low accuracy). A linear model is suitable for this purpose
because the orbit error mapped to line of sight is very linear
over a local region.

The corrected geometric range computed for a given loca-
tion 1 is written as:

G~pcr+b * (30)

where

p, is the geometric range computed from server ephemeris,
t’ is the satellite clock error, and

b’ is ionospheric-free carrier phase satellite bias derived
from the network processing.

Geometric range p, and satellite clock error £* can be com-
puted (e.g., at the rover) for the same location using the
satellite’s broadcast navigation message (broadcast ephem-
eris). The geometric range difference dp, between the geo-
metric range p, computed from broadcast ephemeris adjusted
for broadcast satellite clock error * and the geometric correc-
tion G, from the regional network: for the same location is

dp=(pi=ct*)-G; 6D

With geometric range correction values dr, for three loca-
tions in the network region, a linear model is used in some
embodiments to calculate a geometric range correction dp gz«
for a selected (SRS) location within the network region. The
corrected geometric range for the selected (SRS) location is
then

Gsrs=(Psrs—T)-Psrs (32
where
Psrs is the geometric range from satellite to the selected

(SRS) location determined from the broadcast ephemeris,
t* is the satellite clock error determined from the broadcast

ephemeris, and
dpsxsis the geometric range correction for the selected (SRS)

location.

In this case, the rover does not require precise orbit and
clock; broadcast orbit and clock information is sufficient.
Spacing between the three arbitrary locations should be large
enough and with good geometry to minimize the error of
building the linear model.

In some embodiments the geometric bias per satellite is
transmitted to the SRS module (e.g., at the rover) for each
epoch of synthetic reference station data to be generated. Eq.
(27) and Eq. (28) can be rewritten respectively for the SRS
location as

Ligps = M@y oo = Gsrs + hgps + Tsrs (33)

~ R A (B4
Loges =22agpe = Gsrs + gllms + Tsps

Troposcaling and ionospheric correction for the selected
(SRS) location are computed for example using interpolation,
least squares adjustment with the troposcaling, and iono-
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spheric correction from the reference stations. While the
coordinates of the reference stations are used in troposcaling
and residual interpolation, a resolution of 10 m to 100 m is
sufficient for this purpose.

A method used in some embodiments is the WLIM
(Weighted linear Interpolation Method), in which a linear
model centered at SRS location is computed using least
square adjustment with she corrections from at least three
reference stations.

" 1 AN, AE,
7 1 AN, AE,

(35

b|or R=AX

7 1 AN, AE,

where

r; (i=1, 2, ... n) are troposcaling values at each of n reference
stations, or ionospheric correction of a satellite (or satellite
to satellite difference of observations at a reference station)
for each of n reference stations,

AN,, AE, are the north and east: coordinate differences,
respectively, from the selected (SRS) location to the refer-
ence stations, and

a, b, c are estimates for constant part, north and cast gradient.
Using least squares adjustment gives an estimate X where

X=(4TP4)'47PR, (36)

where
P is a distance-dependent weighting matrix,
and a corresponding variance of unit weight: o,> where

vipy 37

n-3

o=

and a co-variance matrix Q for X:

O=0y™ (P! (39)

In some embodiments, the troposcaling correction for a
selected (SRS) location is obtained by taking the constant part
from the model, because the model is centered at the SRS
location. For ionospheric correction, this method is appli-
cable only when the ionospheric delay per satellite/per station
is computed with Eq(16a).

In some embodiments, the troposcaling correction and/or
ionospheric correction for a selected (SRS) location is/are
obtained by taking the difference between the SRS location
and the nearest reference station to the SRS location, and
adding the respective troposcaling/ionospheric correction of
that reference station

rsrs=BX+7; and Ogrs>=BOBT (39)

where
B=[0 AN AE] and AN, AE are the respective north coordinate
difference and cast coordinate difference between the SRS
and nearest reference station to SRS location, and
r, is the troposcaling/ionospheric correction respectively of
the nearest reference station.
Part 3: System Overview
FIG. 2 schematically illustrates a system 200 in accordance
with some embodiments of the invention. Reference stations
of'a global (worldwide) tracking network, such as reference
stations 205, 210, . .. 215, are distributed about the Earth with
the aim of having substantially continuous observability of
most or all GNSS satellites. The position of each reference
station is known very precisely, e.g., within less than 2 cm.
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Each reference station is equipped with art antenna and tracks
the GNSS signals transmitted by the satellites in view at that
station, such as GNS satellites 220, 225, . . . 230. The GNSS
signals have codes modulated on each of two or more carrier
frequencies. Each reference station of the global network
acquires GNSS data 305 representing, for each satellite in
view at each epoch, carrier-phase (carrier) observations of at
least two carriers, and pseudorange (code) observations of the
respective codes modulated on at least two carriers. The ref-
erence stations also obtain the broadcast navigation message
with almanac and ephemerides of the satellites from the sat-
ellite signals. The almanac contains the rough position of all
satellites of the GNSS, while the so-called broadcast eph-
emerides provide more precise predictions (ca. 1 m) of the
satellites’ positions and the satellites’ clock error (ca. 1.5 m)
over specific time intervals.

GNSS data collected at the reference stations of the global
network are transmitted via communications channels 235 to
a global network processor 240. Global network processor
240 uses the GNSS data from the reference stations of the
global network with other information to generate a global
correction message containing precise satellite position and
clock data, as described for example in U.S. Provisional
Application for Patent No. 61/277,184 filed 19 Sep. 2009
(TNL A-2585P). The global correction message is transmit-
ted for use by any number of GNSS rover receivers. The
global correction message is transmitted for example as
shown in FIG. 2 via communications channel/s 245 and an
uplink 250 and a communications satellite 255 for broadcast
over a wide area; any other suitable transmission medium
may be used including but not limited to radio broadcast or
mobile telephone link. Rover 260 is an example of a GNSS
rover receiver having a GNSS antenna 265 for receiving and
tracking the signals of GNSS satellites in view at its location,
and optionally having a communications antenna 270.
Depending on the transmission band of the global correction
message, it can be received by rover 260 via GNSS antenna
265 or communications antenna 270. The system of FIG. 1 as
described thus far is as described in U.S. Provisional Appli-
cation for Patent No. 61/277,184 filed 19 Sep. 2009 (TNL
A-2585P).

FIG. 2 shows additional elements of a system in accor-
dance with embodiments of the present invention. Reference
stations of a regional (local) Stacking network, such as refer-
ence stations 280, 282, . . . 284, are distributed within a region
of the Earth with the aim of observing GNSS satellites when
they are visible over the region. The position, of each refer-
ence station is known very precisely, e.g., within less than 2
cm. Each reference station is equipped with an antenna and
tracks the GNSS signals transmitted by the satellites in view
at that station, such as GNS satellites 220, 225 . . . 230. Each
reference station of the regional network acquires GNSS data
representing, for each satellite in view at each epoch, carrier-
phase (carrier) observations of at least two carriers, and pseu-
dorange (code) observations of the respective codes modu-
lated on at least two carriers. The regional reference stations
typically also obtain tire broadcast navigation message with
almanac and ephemerides of the satellites from the satellite
signals.

GNSS data collected at the reference stations of the
regional network are transmitted via communications chan-
nels 288 to a regional network processor 290. Regional net-
work processor 290 uses the GNSS data from the reference
stations of the regional network, with other information to
generate a regional correction message containing correction
data as described below. The regional correction message is
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transmitted for use by any number of GNSS rover receivers
within the region of the regional network. The regional cor-
rection message is transmitted for example as shown in FIG.
2 via communications channel/s 292 and an uplink such as
uplink 250 and a communications satellite 255; any other
suitable transmission medium may be used including but nest
limited to radio broadcast or mobile telephone link. The
regional correction message can also be transmitted using an
uplink and/or communications satellite other titan those used
for the global network message.

Part 3: Global Network Corrections

FIG. 3 is a schematic diagram showing principal compo-
nents of the process flow 300 of a global network processor
240. Detailed description is provided in U.S. Provisional
Application for Patent No. 61/277,184 filed 19 Sep. 2009
(TNL A-2585P). Data from the global network of reference
stations are supplied without corrections as GNSS data 305 or
after correction by an optional data corrector 310 as corrected
GNSS data 315, to four processors: a code clock processor
320, a Melbourne-Wiibbena (MW) bias processor 325, an
orbit processor 330, and a phase clock processor 335.

Data corrector 310 optionally analyzes the raw GNSS data
305 from each reference station to check for quality of the
received observations and, where possible, to correct the data
for cycle slips, which are jumps in the carrier-phase observa-
tions occurring, e.g., each time the receiver has a loss of lock.
Commercially-available reference stations typically detect
cycle slips and flag the data accordingly. Cycle slip detection
and correction techniques are summarized, for example, in g.
Seeber. SaterLITE GEODESY, 27¢ Ed. (2003) at pages 277-281.
Data corrector 310 optionally applies other corrections.
Though not all corrections are needed for all she processors,
they do no harm if applied to the data. For example as
described below some processors use a linear combination of
code and carrier observations in which some uncorrected
errors are canceled in forming the combinations.

Observations are acquired epoch by epoch at each refer-
ence station and transmitted with time tags to the global
network processor 240. For some stations the observations
arrive delayed. This delay can range between milliseconds
and minutes. Therefore an optional synchronizer 318 collects
the data of the corrected reference station data within a pre-
defined time span and passes the observations for each epoch
as a set to the processor. This allows data arriving with a
reasonable delay to be included in an epoch of data.

The MW bias processor 325 takes either uncorrected
GNSS data 305 or corrected GNSS data 315 as input, since it
uses the Melbourne-Wiibbena linear combination which can-
cels out all but the ambiguities and the biases of the phase and
linear observations. Thus only receiver and satellite antenna
corrections are important for the widelane processor 325.
Based on this linear combination, one MW bias per satellite
and one widelane ambiguity per receiver-satellite pairing are
computed. The biases are smooth (not noisy) and exhibit only
some sub-daily low-rate variations. The widelane ambigu-
ities are constant and can be used as long as no cycle slip
occurs in the observations on the respective satellite-receiver
link. Thus the bias estimation is not very time critical and can
be run, e.g., with a 15 minute update rate. This is advanta-
geous because the computation time grows with the third
power of the number of stations and satellites. As an example,
the computation time for a global network with 80 stations
can be about 15 seconds. The values of fixed widelane ambi-
guities 340 and/or widelane biases 345 are optionally used in
the orbit processor 330 and/or the phase clock processor 335,
and/or are supplied to a scheduler 355. MW bias processor
325 is described in detail its Part 7 of U.S. Provisional Appli-
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cation for Patent No. 61/277,184 filed 19 Sep. 2009 (TNL
A-2585P), attached as Appendix A.

Some embodiments of orbit processor 330 are based on a
prediction-correction strategy. Using a precise force model
and starting with an initial guess of the unknown values of the
satellite’s parameters (initial position, initial velocity and
dynamic force model parameters), the orbit of each satellite is
predicted by integration of the satellite’s nonlinear dynamic
system. The sensitivity matrix containing the partial deriva-
tives of the current position to the unknown parameters is
computed at the same time. Sensitivities of the initial satellite
state are computed at the same time for the whole prediction.
That is, starting with a prediction for the unknown param-
eters, the differential equation system is solved, integrating
the orbit to the current time or into the future. This prediction
can be linearized into the direction of the unknown param-
eters. Thus the partial derivatives (sensitivities) serve as a
measure of the size ofthe change its the current satellite states
if the unknown parameters are changed, or vice versa.

In some embodiments these partial derivatives are used in
a Kalman fitter to improve the initial guess by projecting the
GNSS observations to the satellite’s unknown parameters.
This precise initial state estimate is used to again integrate the
satellite’s dynamic system and determine a precise orbit. A
time update of the initial satellite state to the current epoch is
performed from time to time. In some embodiments, iono-
spheric-free ambiguities are also states of the Kalman filter.
The fixed widelane ambiguity values 340 are used to fix the
ionospheric-free ambiguities of the orbit processor 330 to
enhance the accuracy of the estimated orbits. A satellite orbit
is very smooth and can be predicted for minutes and hours.
The precise orbit predictions 350 are optionally forwarded to
the standard clock processor 320 and to the phase clock
processor 335 as well as to a scheduler 355.

Ultra-rapid orbits 360, such as IGU orbits provided by the
International GNSS Service (IGS), can be used as an alterna-
tive to the precise orbit predictions 355. The IGU orbits are
updated tour times a day and are available with a three hour
delay.

Standard clock processor 320 computes code-leveled sat-
ellite clocks 360 (also called standard satellite clocks), using
GNSS data 305 or corrected GNSS data 315 and using precise
orbit predictions 355 or ultra-rapid orbits 365. Code-leveled
means that the clocks are sufficient for use with ionospheric-
free code observations, but not with carrier-phase observa-
tions, because the code-leveled clocks do not preserve the
integer nature of the ambiguities. The code-leveled clocks
360 computed by standard clock processor 320 represent
clock-error differences between satellites. The standard clock
processor 320 uses the clock errors of the broadcast eph-
emerides as pseudo observations and steers the estimated
clocks to GPS time so that they can be used to compute, e.g.,
she exact time of transmission of a satellite’s signal. The
clock errors change rapidly, but for the use with code mea-
surements, which are quite noisy, an accuracy of some centi-
meter is enough. Thus a “low rate” update rate of 30 seconds
to 60 seconds is adequate. This is advantageous because
computation time grows with the third power of number of
stations and satellites. The standard clock processor 325 also
determines troposphere zenith delays 365 as a byproduct of
the estimation process. The troposphere zenith delays and the
code-leveled clocks are sent to the phase clock processor 335.
Standard clock processor 320 is described in detail in Part 6 of
U.S. Provisional Application for Patent No. 61/277,184 filed
19 Sep. 2009 (TNL A-2585P).

The phase clock processor 335 optionally uses the fixed
widelane ambiguities 340 and/or MW biases 345 from
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widelane processor 325 together with the troposphere zenith
delays 365 and the precise orbits 350 or IGU orbits 360 to
estimate single-differenced clock errors and narrowlane
ambiguities for each pairing of satellites. The single-difter-
enced clock errors and narrowlane ambiguities are combined
to obtain single-differenced phase-leveled clock errors 370
for each satellite (except for a reference satellite) which are
single-differenced relative to the reference satellite. The low-
rate code leveled clocks 360, the troposphere zenith delays
365 and the precise orbits 350 or IGU orbits 360 are used to
estimate high-rate code-leveled clocks 375. Here, the com-
putational effort is linear with the number of stations and to
the third power with the number of satellites. The rapidly-
changing phase-leveled clocks 370 and code-leveled clocks
375 are available, for example, with a delay of 0.1 sec-0.2 sec.
The high-rate phase-leveled clocks 370 and the high-rate
code-leveled clocks 375 are sent to the scheduler 355 together
with the MW biases 340. Phase clock processor 340 is
described in detail in Part 9 of U.S. Provisional Application
for Patent No. 61/277,184 filed 19 Sep. 2009 (TNL A-2585P).

Scheduler 355 receives the orbits (precise orbits 350 or
IGU orbits 360), the MW biases 340, the high-rate phase-
leveled clocks 370 and the high-rate code-leveled clock 375.
Scheduler 355 packs these together and forwards the packed
orbits and clocks and biases 380 to a message encoder 385
which prepares a correction message 390 in compressed for-
mat for transmission to the rover. Transmission to a rover
takes for example about 10 sec-20 sec over a satellite link, but
can also be done using a mobile phone or a direct internet
connection or other suitable communication link. Transmis-
sion to regional network processor 290 is also via a suitable
communication link. Scheduler 355 and message encoder are
described in detail in Part 10 of U.S. Provisional Application
for Patent No. 61/277,184 filed 19 Sep. 2009 (TNT A-2585P).
Part 3: Regional Network Corrections

FIG. 4 schematically illustrates a regional network proces-
sor 400, such as regional network processor 290, its accor-
dance with some embodiments of the invention. A data syn-
chronizer 405 receives reference date from each reference
station of the regional network, such as reference data 410,
415, . . . 420 from respective reference stations 280, 284, . . .
286. Synchronizer 405 also receives precise satellite orbits
and clocks 425 from global network processor 300 or any
other available source. Synchronizer 405 also optionally
receives MW biases 430, such as MW biases 340 from global
network processor 300; if MW biases are not supplied to
regional network processor 400 from an external source,
these are optionally estimated in regional network processor
400.

Observations are acquired epoch by epoch at each regional
network reference station and transmitted with time tags to
iterative filters(s) 440. For some stations the observations
may arrive delayed. This delay can range between, millisec-
onds and minutes. Therefore the optional synchronizer 435
collects the regional network reference station data within a
predefined lime spas and passes the observations for each
epoch as a set to iterative filter(s) 440. This allows data arriv-
ing with a reasonable delay to be included the processing of
an epoch of data. Iterative filter(s) 440 can be implemented
using least squares, using a single Kalman filter or, for better
computing efficiency, as factorized filters using techniques
described in U.S. Pat. No. 7,432,853 (TNL A-1403), United
States Patent Application Publication US 2009/0224969 A1l
(TNL A-1743) and/or United States Patent Application Pub-
lication US 2009/0027264 Al (TNL A-1789). If imple-
mented as optional factorized filters, the synchronized data
set 435 is supplied for example to one or more banks of
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code/carrier filters 442 which produce estimates for the code/
carrier combinations and associated statistical information
444, to ionospheric filters 446 which produce estimates for
the ionospheric combinations and associated statistical infor-
mation 448, to a geometric filter 450 which produces an
estimate for the geometric combination and associated statis-
tical information 452, and the estimates are combined in a
combiner 455. Quintessence filters (not shown) may option-
ally be used if the reference station data are obtained from
GNSS signals having three or more carriers, as described in
U.S. Pat. No. 7,432,853 (TNL A-1403).

The array of estimates and associated statistical informa-
tion 458 from iterative filter(s) 440, which includes float-
solution ambiguity values, is supplied to a “fixing” element
460. Some embodiments of “fixing” element 460 employ any
suitable techniques known in the art, such as simple rounding,
bootstrapping, integer least squares based on the Lambda
method, or Best Integer Equivariant. See for example P. Teu-
nissen et al.; GNSS Carrier Phase Ambiguity Resolution:
Challenges and Open Problems, In M. G. Sideris (ed.);
Observing our Changing Earth, International Association of
Geodesy Symposia 133, Spinger Verlag Berlin-Heidelberg
2009 and Verhagen, Sandra, The GNSS integer ambiguities:
estimation and validation, Publications on Geodesy 58,
Delft, 2005. 194 pages, ISBN-13: 978 90 6132 290 0. ISBN-
10:90 6132290 1. See also the discussion of ambiguity fixing
in U.S. Pat. No. 7,432,853. The term “fixing” as used here is
intended to include not only fixing of ambiguities to integer
valises using techniques such as rounding, bootstrapping and
Lambda search, but also to include forming a weighted aver-
age of integer candidates to preserve the integer nature of the
ambiguities if not fixing them to integer values. The weighted
average approach is described in detail in unpublished Inter-
national Patent Applications PCT/US/2009/004471, PCT/
US/2009/004472, PCT/US/2009/004473, PCT/US/2009/
004474 and PCT/US/2009/004476 filed 5 Aug. 2009 (TNL
A-2339PCT) and United States Provisional Application for
Patent No. 61/189,382 filed 19 Aug. 2008 (TNL A-2339P).

A regional correction data generation element 465 pre-
pares regional correction data 470 comprising, for example,
at least one code bias per satellite, and at least one of an
ionospheric delay per satellite at multiple regional network
stations, an optional ionospheric phase bias per satellite, and
non-ionospheric corrections. The non-ionospheric correc-
tions comprise, for example, a tropospheric delay per regional
network station and/or a geometric correction per satellite.

FIG. 5 schematically illustrates a regional network process
465 for generating the regional correction data 470 from
correction data 500 in accordance with some embodiments of
the invention. At least one code bias per satellite 505 is
obtained at 510. The code bias per satellite can be determined
in the global network processor, in the regional network pro-
cessor, or in another processor. An ionospheric delay 515
ewer a region, which may be all or a part of the region of the
regional network, is obtained at 520, and optionally an iono-
spheric phase bias per satellite. The ionospheric delay 515
may be determined from an ionospheric model or by estimat-
ing ionospheric delay per satellite per station. A tropospheric
delay 525 over a region, which may be all or a part of the
region of she regional network, is obtained at 530. The tro-
pospheric delay 525 may be determined for example by esti-
mating a zenith total delay (ZTD) per regional network sta-
tion in the regional network processor. A phase-leveled
geometric correction per satellite 535 is obtained at 540. The
phase-leveled geometric correction per satellite is estimated,
after fixing ambiguities, in the global network processor or in
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the regional network processor. Further details of the regional
correction 470 data are explained below.

Part 3: Precise Navigation/Positioning With Regional Net-
work Corrections

FIG. 6 schematically illustrates an augmented precise navi-
gation/positioning scenario 600 in accordance with some
embodiments of the invention. Global network processor 240
delivers global correction data 390 to regional network pro-
cessor 290. Global correction data comprises, for example,
phase-leveled clocks 370, code-leveled clocks 365, MW
biases 345 and satellite orbit position and velocity informa-
tion 350. Regional network processor 290 also receives data
from regional network stations and generates regional correc-
tion data 470. Regional correction data comprises, for
example, MW biases (MW biases 345 from global correction
message 390 or MW biases estimated in regional network
processor 290 or MW biases obtained from any other avail-
able source), a phase-leveled geometric correction per satel-
lite 535 estimated in regional network processor 290, iono-
spheric delay per satellite per station, 515 and optionally an
ionospheric phase bias per satellite, and tropospheric delay
per station 525.

Regional correction data 470 from server side processing
605 is delivered, e.g., as encoded regional correction data
480, for use its rover side processing 610. GNSS signals from
GNSS satellites 615, 620, 625 are observed by rover receiver
630 which provides GNSS observation data 635. An optional
navigation engine 640 estimates a rough position of the
antenna of rover receiver 630, typically without the use of
corrections. This rough position, or an approximate position
of rover receiver 630 known from another source, is used as
an approximate rover position 645 in preparing regional cor-
rections (e.g., 715), appropriate to the approximate position
645. A time tag 650 is associated with the approximate rover
position 650. The GNSS observation data 635, approximate
rover position 645 and time tag 650, and regional correction
data 470 (with MW biases optionally coming directly from
global correction data 390) are supplied to a rover data cor-
rector 655. Rover data corrector 655 applies the regional
correction data 470 with MW biases to the GNSS observation
data 635 to obtain corrected rover data 660 for the approxi-
mate rover position 645 which corresponds in time with the
GNSS data 635. A non-differential processor 665, such as a
Precise Point Positioning (PPP) engine, estimates a precise
rover position 670 from she corrected rover data 660.

While the rover data corrector 655 and non-differential
processor 665 are shown in FIG. 6 as being located within the
rover side processing 610, either or both of these may be
located elsewhere, such as at server side processing 605. Such
a configuration may be advantageous in situations where tire
rover receiver has limited processing power and has two-way
communication with a remotely-located computer having
available processing capacity and/or in tracking applications
(e.g., tracking location of mobile objects or persons carrying
the rover receiver 630) where knowledge of the rover receiv-
er’s precise position is needed at a location remote from the
rover receiver.

FIG. 7 schematically illustrates augmented precise naviga-
tion/positioning in accordance with some embodiments of the
invention. GNSS data 710 (e.g., GNSS data 635) comprising
code and carrier observations are obtained from the rover
receiver at 705. Regional correction data 470 comprising one
or more code biases per satellite, together with ionospheric
corrections and/or non-ionospheric corrections and MW
biases, are obtained at 710. Regional corrections 720 are
prepared at 725. GNSS data 710 and regional corrections 720
are used at 730 to determine a precise rover location 735.
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FIG. 8 schematically illustrates augmented precise naviga-
tion/positioning with differential processing in accordance
with some embodiments of the invention. Global network
processor 240 delivers global correction data 390 to regional
network processor 290. Global correction data comprises, for
example, phase-leveled clocks 370, code-leveled clocks 365,
MW biases 345 and satellite orbit position and velocity infor-
mation 350. Regional network processor 290 also receives
data from regional network stations and generates regional
collection data 470. Regional correction data comprises, for
example, MW biases (MW biases 345 from global correction
message 390 or MW biases estimated in regional network
processor 290 or MW biases obtained from any other avail-
able source), a phase-leveled geometric correction per satel-
lite 535 estimated in regional network processor 290, iono-
spheric delay per satellite per station 515, and optionally an
ionospheric phase bias per satellite, and tropospheric delay
per station 525.

Regional correction data 470 from server side processing
805 is delivered, e.g., as encoded regional correction data
480, for use in rover side processing 810. GNSS signals from
GNSS satellites 815, 820, 825 are observed by rover receiver
830 which provides GNSS observation data 835. An optional
navigation engine 840 estimates a rough position of the
antenna of rover receiver 830, typically without the use of
corrections. This rough position, or an approximate position
of rover receiver 830 known from another source, is taken as
a synthetic reference station (SRS) location 845. A time lag
850 is associated with SRS location 845. A synthetic refer-
ence station module 855 uses the current SRS location 845
and current regional correction data 470 to construct a set of
synthetic reference station observations 860 for processing of
each epoch of GNSS data 835 in a differential processor 865.
Differential processor 865 is, for example, a conventional real
time kinematic (RTK) positioning engine of a commercially
available GNSS receiver. Differential processor uses the SRS
observations 860 and the GNSS data 835 to determine a
precise rover position 870, for example at each epoch of
GNSS data 835.

In some embodiments the MW biases 345 from global
network processor 240 are passed through the regional net-
work processor 290 and provided to SRS module 855 as a part
of regional correction data 470. In some embodiments the
MW biases 345 from global network processor 240 are
passed directly from global network processor 240 to SRS
module 855 as a part of global correction data 390, e.g., if the
rover has the capability to receive global correction data 390
in addition to regional correction data 480. In some embodi-
ments the MW biases are estimated by the regional network
processor 290 and provided to SRS module 855 as a part of
regional correction date 470.

While the SRS module 855 and differential processor 865
are shown in FIG. 8 as being located within the rover side
processing 810, either or both of these may be located else-
where, such as at server side processing 805. Such a configu-
ration may be advantageous in situations where the rover
receiver has limited processing power and has two-way com-
munication with a remotely-located computer having avail-
able processing capacity and/or as in tracking applications
where knowledge of the rover receiver’s position is needed at
a location remote from the rover receiver.

FIG. 9 schematically illustrates augmented precise naviga-
tion/positioning with differential processing in accordance
with some embodiments of the invention. In this example the
server side processing includes the SRS module. Global net-
work processor 240 delivers global correction data 390 to
regional network processor 290. Global correction data com-
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prises, for example, phase-leveled clocks 370, code-leveled
clocks 365, MW biases 345 and satellite orbit position and
velocity information 350. Regional network processor 290
also receives date from regional network stations and gener-
ates regional correction data 470. Regional correction data
comprises, for example, MW biases (MW biases 345 from
global correction message 390 or MW biases estimated in
regional network processor 290 or MW biases obtained from
any other available source a phase-leveled geometric correc-
tion per satellite 535 estimated in regional network processor
290, ionospheric delay per satellite per station 515, and tro-
pospheric delay per station 525.

GNSS signals from GNSS satellites 915, 920, 925 are
observed by rover receiver 930 which provides GNSS obser-
vation data 935. An optional navigation engine 940 estimates
a rough position of the antenna of rover receiver 930, typi-
cally without the use of corrections. This rough position, or
art approximate position of rover receiver 930 known from
another source, is taken as a synthetic reference station (SRS)
location 945. A time tag 950 is associated with SRS location
945. Server side processing 905 includes an SRS module 955
which uses the current SRS location 945 and current regional
correction data 470 to construct a set of synthetic reference
station observations 960 for processing of each epoch of
GNSS data 935 in a differential processor 965. Differential
processor 865 is, for example, a conventional real time kine-
matic (RTK) positioning engine of a commercially available
GNSS receiver. Differential processor uses the SRS observa-
tions 960 and the GNSS data 935 to determine a precise rover
position 970, for example at each epoch of GNSS data 935.

Sources of an approximate position of rover receiver to use
as SRS location 845 or 945 include, without limitation, (a) the
autonomous position of the rover receiver as determined by
navigation engine 840 or 940 using rover data 835, (b) a
previous precise rover position such as a precise rover posi-
tion determined for a prior epoch by differential processor
865 or 965, (c) a rover position determined by an inertial
navigation system (INS) collocated with the rover, (d) the
position of a mobile phone (cell) tower in proximity to a rover
collocated with a mobile telephone communicating with the
tower, (e) user input such as a location entered manually by a
user for example with the aid of keyboard or other user input
device, and (f) any other desired source.

Regardless of the source, some embodiments update the
SRS location 845 or 945 from time to time. The SRS location
845 or 945 is updated, for example: (a) never, (b) for each
epoch of rover data, (c) for each n” epoch of rover data, (d)
after a predetermined time interval, (e¢) when the distance
between the SRS location 845 or 945 and the approximate
rover antenna position from navigation engine 840 or 940
exceeds a predetermined threshold, (f) when the distance
between the approximate rover antenna position and the pre-
cise rover position exceeds a predetermined threshold, (g) for
each update of the approximate rover antenna position, or (h)
for each update of the precise rover antenna position 870 or
970. In some embodiments the SRS location 945 is not the
same as the autonomous as the autonomous position solution,
but somewhere close to it.

FIG. 10 schematically illustrates augmented precise navi-
gation/positioning with differential processing accordance
with some embodiments of the invention. At 1005 the SRS
location and time tag information 1010 are obtained. At 1015
the SRS location is verified as current, for example by com-
paring its time tag with a time tag of the current epoch of rover
observations to be processed. At 1025 the rover collections
1030 for the current SRS location are determined from the
current SRS location and the regional correction data 470. At
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1035 she current SRS observations 1040 are constructed from
the rover corrections 1030. At 1045 the precise rover location
730 is determined by differential processing of the current
SRS observations 1040 and the GNSS data 635.

FIG. 11 schematically illustrates construction of synthetic
reference station observations in accordance with some
embodiments of the invention. At 1105 the regional correc-
tion message 1110 received from a transmission channel such
as communications satellite 255 is decoded. The decoding
unpacks regional correction data elements comprising a geo-
metric correction (code bias) per satellite 1115, a troposcaling
value (Zenith Total Delay) per station 1120 and an iono-
spheric correction per satellite per station, and optionally
ionospheric phase bias per satellite 1125. An SRS location
1130 is obtained as described above. Satellite orbits and
clocks 1110 are obtained from the broadcast GNSS satellite
navigation message or precise satellite orbit and clock infor-
mation is optionally retrieved at 1140 by decoding global
correction message 390. MW biases 1142 are obtained from
regional correction message 1110 via regional correction
message decoding er 1105 or MW biases 1144 are obtained
from global correction message 390 via global correction
message decoder 1140.

A module 1145 constructs ionospheric-free phase obser-
vations 1150 for satellites in view at the SRS location using
the SRS location information 1130 and the satellite orbits and
clocks information 1135 to compute a range and the geomet-
ric correction per satellite 1115 to correct the computed range
(Eq32). A module 1155 determines a tropospheric delay 1160
for the SRS location from the troposcaling per station 1120
(Eq. 36, Eq. 39. A module 1165 determines an ionospheric
delay 1170 for the SRS location from the ionospheric correc-
tion per satellite per station data optionally ionospheric phase
bias per satellite 1125 (Eq.36, Eq.39). At 1175 the SRS car-
rier-phase observations 1180 are constructed for two (or
more) carrier frequencies by combining the ionospheric free-
phase observations 1150 with the tropospheric correction
1160 for the SRS location and the ionospheric correction for
the SRS location 1175 (Eq. 33,Eq.34). At 1185 the SRS code
observations 1190 are constructed by combining the SRS
carrier-phase observations 1180 with MW biases 1142 or
MW biases 1144 (Eq. 25,Eq.26). The SRS carrier observa-
tions 1180 and SRS code observations 1190 comprise the
SRS observations 1095 at each epoch.

Part 4: Correction for Atmospheric Effects

FIG. 12 schematically illustrates an ionospheric shell 1200
and a portion 1205 of a tropospheric shell surrounding the
Earth 1210, with ground-based reference stations 1220, 1225,
1230, . . . 1235 of a network each receiving signals from
GNSS satellites 1260, 1265, . . . 1270. For convenience of
illustration, only the portion 1205 of the tropospheric shell
surrounding reference station 1220 is shown. The tropo-
sphere has a depth of, for example zero to about 11 km.
Tropospheric delay affects the signals received by each ref-
erence station in a manner depending on atmospheric tem-
perature, pressure and humidity in the vicinity of the refer-
ence station, as well as the elevation of the satellite relative to
the reference station. The error is about 1 mm per meter at
ground level, such that the last meter of the signal path to the
reference station gives about 1 mm of error in the tropo-
spheric model.

Various techniques are known for modeling tropospheric
path delay on the signals. See, for example, B. Hormann-
WiLLENHOF et al, GLOBAL PosITIONING SysTEM: THEORY AND PraAC-
Tice, 2d Ed., 1993, section 6.3.3, pp. 98-106. Tropospheric
scaling (tropo-scaling) which lumps the atmospheric param-
eters into one tropo-scaling parameter can be implemented in
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at least three ways. A first approach is to model Zenith Total
Delay (ZTD) representing tropospheric delay in a vertical
direction relative to the reference station as a value represent-
ing range error Jr, e.g., 2.58 meters. A second approach is to
model the sum of one plus a scaling factor (1+S) such that
tropospheric delay in the vertical direction T'=(1+S) T, where
T is a constant, e.g., 1+S=1.0238. A more convenient
approach is to model S directly, e.g., S=2.38%. For purposes
of the present invention, it is sufficient to treat as “tropo-
spheric effect” all that affects different signal frequencies in
the same way (non-dispersive).

FIG. 13 illustrates a slanted ray path from a satellite to a
receiver passing through the troposphere. Except when a
satellite is directly over a reference station, signal rays pen-
etrate the atmosphere in a slant path from satellite to receiver
as shown in FIG. 13, such as a straight-line path 1310 from
satellite 1260 to reference station 1220. The slant path of the
signal ray from a given satellite to each reference station
penetrates the troposphere at an angle o which is different for
each satellite in view at the station. The tropospheric mapping
function is tints different for each satellite-to-reference-sta-
tion combination. The effect of the different slant angles can
be compensated by relating the geometry-dependent zenith
delay To with a geometry-independent Ty,° (Vertical T) by a
mapping function m(a): To=m(a)T,,°.

Except when a satellite is directly over a reference station,
signal rays penetrate the ionosphere in a slant path from
satellite to receiver as shown in FIG. 14, such as straight-line
path 1405 from satellite 1260 to reference station 1220. This
slant path is explicitly accounted for by the so-called mapping
function f,,,,.,-(©)=1/cos(T), where T is the angle of the
signal ray with the line perpendicular to the ionospheric
sphere through the piercepoint (e.g., line 1410). Since the
slant path of the signal ray from a given satellite to each
reference station penetrates the ionosphere at a different
angle, the angle is different for each reference station. The
mapping function is thus different for each satellite-to-refer-
ence-station combination. The effect of the different slant
angles can be compensated by relating the geometry-depen-
dent Total Electron Content (TEC) with a geometry-indepen-
dent VTEC (Vertical TEC) by TEC/S ..., o(E)=TEC cos(C)=
VTEC. As shown for example in FIG. 14 with respect to
reference station 1220 and satellite 1260, the TEC determined
along slant path 1405 corresponds to the VITEC along the line
1410 perpendicular to the ionospheric sphere 1415 at pierce-
point 1420.

With the relative coordinates that were introduced above
and the concept of the mapping function, the ionospheric
advance across the network area can be written as (here the
uppercase 1 and j are to be understood as exponents, not
indices)

- o (40)
IV A, V) = m(AX, Ag) Z ;  AVAG |.
ij=0

That is, the ionospheric advance across the network area is
expressed in terms of its Taylor series (or any other set of
orthogonal functions, such as spherical Bessel functions). For
most purposes, and as illustrated here, the expansion can be
stopped at first order, and the terminology a, ;=a;, and a, ,=a,,
can be introduced. The expression a, ;= is the ionospheric
advance at the reference point, while a, and a,, are the gradi-



US 9,201,147 B2

25

ents in the ionosphere in the relative coordinates. The iono-
sphere at the piercepoints is therefore expressed as

L7=m, "Iy "+, AN va A, ™). (41)

Thus for each satellite m in view the parameters (1,”, a,™,
a,") characterize the ionosphere across the network area.
Those parameters are estimated, together with the carrier-
phase Integer ambiguity and multipath states. Generally, if
the expansion Eq. (39) is carried to k-th order, the number of
states introduced for the ionosphere is (k+1)(k+2)/2. The
other terms of Eq.(39) (m,,”, AL, A$,™) are given by the
geometry of the network and the position of satellite m.

FIG. 15 illustrates how the ionosphere parameters (I,",
a,™, a,"™) describe the ionosphere at a piercepoint relative to
a reference point. The ionosphere has a TEC of 1, at the
reference point, with a slope a,” in angular direction A and a
slope a,™ in angular direction ¢. In the example of F1G. 15, the
TEC 1500 at piercepoint 1505 is the sum of a contribution
1510 equal to 1,™, a contribution 1520 based on slope a, ™ and
she angular distance of piercepoint 1505 from reference pond
1525 in direction A, and a contribution 1530 based on slope
a,” and the angular distance of piercepoint 1505 from refer-
ence point 1525 in direction ¢.

While a linear treatment of the ionosphere delivers excel-
lent availability, reliability is increased with an even more
realistic model which takes into account the thickness of the
ionosphere. As is known (for example from D. Biuitza, Inter-
national Reference lonosphere 2000, Rapio Science 2 (36)
2001, 261), the electron density of the ionosphere has a cer-
tain profile f(h) as a function of altitude h which peaks
sharply at a height between 300-400 kilometers above
ground. To calculate the electron content that a ray experi-
ences from satellite m to station n one would calculate the
integral

CensVnsZn) 41)
e [ dston,
(RO

where s is the measure along the direct line of sight between
station and satellite. Notice how for the simple shell model
already considered, f(h)=A(h-h,) (Dirac Delta distribution),
this expression returns the previous mapping function as

ds| 1
dsly,

o COSP

Using suitable parameters for f(h), the integral for all sta-
tion-satellite pairs can be numerically computed at each
epoch. For practical purposes an approximation in terms of a
box profile is fully sufficient and delivers improvements over
the shell model. It is further assumed that the gradients in the
ionosphere do not depend on altitude. This assumption can
easily be relaxed by adding further gradient states for difter-
ent altitudes. That the finite thickness of the ionosphere is an
important feature of the model can be understood by picturing
the entry and exit point of the ray of a low elevation satellite,
e.g., as shown in FIG. 8 of United States Patent Application
Publication US 2009/0224969 Al. If the thickness of the
ionospheric shell is 200 kilometers, the entry point and exit
point might be separated by some 1000 kilometers. With
typical gradients of a,, a¢~10"3 m/km, the contributions to the
calculation of ionospheric advance differ greatly from entry
point to exit point.
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FIG. 16 schematically illustrates troposcaling.

FIG. 19 schematically illustrates ionospheric delay IPBS at
a physical base station location FBS and ionospheric delay
ISRS at a synthetic reference station location SRS.

Part 5: Message Encoding & Decoding

It will be recalled that an objective of making regional
correction data 470 available for processing of rover obser-
vations is to enable reconstruction of regional network obser-
vations and/or construction of synthetic reference station
observations based on the regional network observations.
Some embodiments mitigate the bandwidth required and/or
speed the rover processing by encoding the regional correc-
tion data, e.g., as at 475 in FIG. 4.

FIG. 20 schematically illustrates a correction message
encoding scheme in accordance with some embodiments.
Regional correction data 470 is divided into network ele-
ments 2005 which apply to the entire regional network of, for
example 80 reference stations, and cluster elements 2010
which apply to subsets (“clusters™) of for example, up to 16
reference stations of the regional network. The encoded
regional correction data 480 is then segmented into a network
message 2015 containing the network elements and a series of
cluster messages 2020, 2025, 2030, . . . 2035 containing
cluster elements of respective station clusters 1, 2,3, .. . n.

The network elements 2003 include, for example, a time
lag, a geometric correction per satellite, a location of an
arbitrary point in the network, to which corrections are refer-
enced, MW biases, and the number of cluster messages to
follow in the epoch, and optionally an ionospheric phase bias
per satellite. The cluster elements 2010 include, for example,
a tropo scaling value per station, an ionospheric correction
per station per satellite, and she station locations. Station
height is not needed if corrections are referenced to a standard
elevation which is known to a rover receiving the correction
data. The station locations need not be physical station loca-
tions, but may instead be virtual station locations for which
the corrections are estimated from the observations at physi-
cal reference stations of the regional network.

FIG. 21 schematically illustrates clusters of regional net-
work stations: cluster 1 at 2105, cluster 2 at 2110, cluster 3 at
2115, cluster 4 at 2120. Each cluster in this simplified
example has four stations, though the number of stations is a
matter of design choice. Cluster 1 has stations 1-1, 1-2, 1-3
and 1-4; cluster 2 has stations 12-1, 2-2, 2-3 and 2-4; cluster
3 has stations 3-1, 3-2, 3-3 and 3-4; and cluster 4 has stations
4-1, 4-2, 4-3 and 4-4. The cluster elements of clusters 1, 2, 3
and 4 are used respectively to construct cluster message 2125,
2130, 2135 and 2140.

In some embodiments, a regional correction message
epoch has one network message 2105 billowed by a series of
cluster messages 2020-2035, the number and sequence of
which may vary from epoch to epoch. In some embodiments,
each correction message epoch has a network message and a
subset of cluster messages, with the clusters in the subset
rotating over a series of epochs. In some embodiments, the
order of clusters in the correction message epoch is based on
an expected or estimated or known number of rovers physi-
cally located in the cluster. For example:

Cluster n
Message

Cluster 2
Message

Cluster 1
Message

Network
Message

A rover does not need all the cluster messages to construct
a synthetic reference station correction for its approximate
location, FIG. 22 shows an example in which a rover 2205 is
located within a regional network having clusters 2210, 2220,
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2230 and 2240, each having a respective network station (or
virtual network station) 2215, 2225, 2235, 2245. Rover 2205
is surrounded by network stations 2215, 2225 and 2235 which
are well distributed around it and within a suitable radius for
preparing corrections for the rover’s location from their
observations (or virtual observations). The observations of
network station 2245 are not needed by rover 2205 at its
current location. If the rover moves for example well into
cluster 2210 where it no longer needs cluster elements from
clusters 2220 or 2230, the rover can use the cluster elements
only from cluster 2210.

In some embodiments, rover 2205 uses the location infor-
mation of the network message to construct a list of clusters,
compares its approximate current location with the list to
determine which cluster messages are needed to construct
synthetic reference station corrections appropriate to its cur-
rent location, and retrieves the cluster elements from the
corresponding cluster messages. This approach can save
memory, processor time, and other resources when process-
ing rover observations to determine the precise rover location.

As discussed above with reference to Eq. (30), Eq. (31)and
Eq. (32), the geometric correction term can be transmitted for
three arbitrary locations in the network. Alternatively, the
geometric correction term can be transmitted for a single
arbitrary location in the network, along with the delta (difter-
ence from this term) for each of two other arbitrary locations
in the network. From these geometric correction terms (or
geometric correction term plus deltas), the rover constructs a
linear model to estimate the geometric correction applicable
to its approximate location.

FIG. 17 shows for example three arbitrary locations 1705,
1710, 1715 for which the geometric correction terms are
determined in the network processor. Spacing between the
three arbitrary locations should be large enough (e.g., 5
degrees of latitude and 5 degrees of longitude) and with good
geometry to minimize error when building a linear model for
a rover location 1720 within the network. FIG. 18 schemati-
cally illustrates a linear model for determining the geometric
correction 1820 at rover location 1720 from the geometric
corrections 1805, 1810, 1815 for a given satellite at respective
arbitrary locations 1705, 1710, 1715. This approach helps to
minimize bandwidth by reducing the number of geometric
correction values needed to construct the corrections needed
at the rover.

In some embodiments the regional network processing is
carried out independently by multiple regional network pro-
cessors to provide redundancy. Operating the regional net-
work processors independent (and possibly with non-Identi-
cal sets of network station observations) means that biases
and scalings may differ from between regional network pro-
cessors. In some embodiments a network message includes a
processor identifier so that the rover will know to react appro-
priately if its source of network messages changes, e.g., by
resetting its filters to avoid using incompatible biases and
scalings. Some embodiments include a cycle slip indicator to
signal the rover that a cycle slip has occurred on a satellite in
the regional network processing, so that the rover can reset the
ambiguity values in its filters. To further save transmission
bandwidth, some embodiments use an optional ionospheric
correction general model from which the cluster message
gives delta (difference) values; the rover uses the optional
model from the network message with the difference values
from the cluster message(s) to construct the ionospheric cor-
rection for the rover’s approximate location, e.g., for the SRS
location.

10

20

25

30

35

40

45

50

55

60

65

28

Some embodiments have a network correction message
structured as follows:

# of items description
1 processor id
3(orl+3) 3 arbitrary locations (lat, long),

[or 1 arbitrary location on plus delta
to other two locations]

3 1 geometric correction per satellite
for each of 3 arbitrary locations

3 (optional) optional iono correction general model
from which cluster message gives deltas
1 cycle slip indicator (CTC)

Some embodiments have cluster messages structured as
follows (for n satellites and with m stations per cluster):

# of items description
1 time tag
m station position (B, L) (lat, lon)
m tropo scaling
mxn iono correction
m site iono bias

Part 6: Receiver and Processing Apparatus

FIG. 23 is a schematic diagram of a computer system in
accordance wish some embodiments of the invention. Com-
puter system 2320 includes one or more processors 2330, one
or more data storage elements 2335, program code 2340 with
instructions for controlling the processor(s) 2330, and user
input/output devices 2445 which may include one or more
output devices 2350 such as a display or speaker or printer and
one or more devices 2355 for receiving user input such as a
keyboard or touch pad or mouse or microphone.

FIG. 24 is a block diagram of a typical integrated GNSS
receiver system 2400 with GNSS antenna 2405 and commu-
nications antenna 2410. The Trimble R8 GNSS System is an
example of such a system. Receiver system 2400 can serve as
a rover or base station or reference station. Receiver system
2400 includes a GNSS receiver 2415, a computer system
2420 and one or more communications links 2425. Computer
system 2420 includes one or more processors 2430, one or
more data storage elements 2435, program code 2440 with
instructions for controlling the processor(s) 2430, and user
input/output devices 2445 which may include one or more
output devices 2450 such as a display or speaker or printer and
one or more devices 2455 for receiving user input such as a
keyboard or touch pad or mouse or microphone.

Part 7: General Remarks

The incentive concepts can be employed in a wide variety
of processes and equipment. Some exemplary embodiments
wilt now be described. It will be understood that these are
intended to illustrate rather than to limit the scope of the
invention.

Those of ordinary skill in the art will realize that the
detailed description of embodiments of the present invention
is illustrative only and is not intended to be in any way
limiting. Other embodiments of the present invention will
readily suggest themselves to such skilled persons having the
benefit of this disclosure. For example, while a minimum-
error combination is employed in the examples, those of skill
in the art will recognized that many combinations are possible
and that a combination other than a minimum-error combi-
nation can produce acceptable if less than optimum results;
thus the claims are not intended to be limited to minimum-
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error combinations other than where expressly called for.
Reference is made in detail to implementations of the present
invention as illustrated in the accompanying drawings. The
same reference indicators are used throughout the drawings
and the following detailed description to refer to the same or
like parts.

In the interest of clarity, not all of the routine features of the
implementations described herein are shown and described. It
wilt be appreciated that in the development of any such actual
implementation, numerous implementation-specific deci-
sions must be made to achieve the developer’s specific goats,
such as compliance with application- and business-related
constraints, and that these specific goals will vary from one
implementation to another and from one developer to another.
Moreover, it will be appreciated that such a development
effort might be complex and time-consuming, but would nev-
ertheless be a routine undertaking of engineering for those of
ordinary skill in the art having the benefit of this disclosure.

In accordance with embodiments of the present invention,
the components, process steps and/or data structures may be
implemented using various types of operating systems (OS),
computer platforms, firmware, computer programs, com-
puter languages and/or general-purpose machines. The meth-
ods can be run as a programmed process running on process-
ing circuitry. The processing circuitry can take the form of
numerous combinations of processors and operating systems,
or a stand-alone device. The processes can be implemented as
instructions executed by such hardware, by hardware alone,
or by any combination thereof. The software may be stored on
a program storage device readable by a machine. Computa-
tional elements, such as filters and banks of filters, can be
readily implemented using an object-oriented programming
language such that each required filter is instantiated as
needed.

Those of'skill in the art will recognize that devices of aless
general-purpose nature, such as hardwired devices, field pro-
grammable logic devices (PPLDs), including field program-
mable gate arrays (FPGAs) and complex programmable logic
devices (CPLDs), application specific integrated circuits
(ASICs), or the like, may also be used without departing from
the scope and spirit of the inventive concepts disclosed herein.

In accordance with an embodiment of the present inven-
tion, the methods may be implemented on a data processing
computer such as a personal computer, workstation com-
puter, mainframe computer, or high-performance server run-
ning an OS such as Microsofit® Windows® XP and Win-
dows® 2000, available from Microsoft Corporation of
Redmond, Wash., or Solaris® available from Sun Microsys-
tems, Inc. of Santa Clara, Calif., or various versions of the
Unix operating system such as Linux available from a number
of vendors. The methods may also be implemented on a
multiple-processor system, or in a computing environment
including various peripherals such as input devices, output
devices, displays, pointing devices, memories, storage
devices, media interfaces for transferring data to and from the
processor(s), and the like. Such, a computer system or com-
puting environment may be networked locally, or over the
Internet.

Part 8: Summary of Inventive Concepts

In addition to the foregoing, embodiments in accordance
with the invention may comprise, for example, one or more of
the following:

Part 8, A: Regional Augmentation Network
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Methods

1. A method of processing GNSS data derived from obser-
vations at multiple stations, located within a region, of
GNSS signals of multiple satellites over multiple
epochs, wherein the GNSS signals have at least two
carrier frequencies and the observations include code
observations and carrier-phase observations, compris-
ing:

a. obtaining at least one code bias per satellite;

b. obtaining an ionospheric delay over the region;

c. obtaining a tropospheric delay over the region;

d. obtaining a phase-leveled geometric correction per
satellite; and

e. making available correction data for use by a rover
located within the region, the correction data compris-
ing: the ionospheric delay over the region, the tropo-
spheric delay over the region, the phase-leveled geo-
metric correction per satellite, and the at least one
code bias per satellite,

2. The method of 1, wherein obtaining at: least one code
bias per satellite comprises obtaining art estimated code
bias per satellite from a global network processor,

3. The method of 1, wherein obtaining at least one code
bias per satellite comprises operating a processor to
estimate a code bias per satellite from GNSS observa-
tions of reference stations of a regional network.

4. The method of 3, wherein operating a processor to esti-
mate a code bias comprises operating a processor to fix
a set of ambiguities and to estimate at least one code bias
per satellite which is consistent with integer carrier-
phase ambiguities.

5. The method of 4, wherein the code bias comprises a MW
bias which is consistent with integer carrier ambiguities

6. The method of one of 4-5, wherein the set of ambiguities
comprises at least one of: (i) widelane ambiguities and
(i1) L1 and L.2 ambiguities, (iii) L.2E and L.2C ambigu-
ities, and (iv) a combination of carrier-phase ambiguities
from which widelane ambiguities can be determined.

7. The method of one of 1-6, wherein obtaining art iono-
spheric delay over the region comprises operating a pro-
cessor to determine the ionospheric delay over the
region from a model.

8. The method of one of 1-6, wherein obtaining an iono-
spheric delay over the region comprises operating a pro-
cessor to estimate from the observations an ionospheric
delay per station per satellite.

9. The method of one of 1-6, wherein obtaining an iono-
spheric delay over the region comprises operating a pro-
cessor to estimate from the observations an ionospheric
delay per station per satellite and an ionospheric phase
bias per satellite.

10. The method of one of 1-9, wherein obtaining a tropo-
spheric delay over the region comprises operating a pro-
cessor to estimate from the observations a tropospheric
delay per station.

11. The method of 10, wherein the tropospheric delay per
station comprises a zenith total delay per station.

12. The method of one of 1-11, wherein obtaining a phase-
leveled geometric correction per satellite comprises
operating a processor to estimate a set of ambiguities for
satellites observed by the stations.

13. The method of one of 1-12, wherein obtaining a phase-
leveled geometric correction per satellite comprises
operating a processor to estimate a geometric correction
which preserves integer nature of carrier-phase ambigu-
ities.
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14. The method of one of 1-13, wherein the phase-leveled
geometric correction includes an integer-cycle bias per
satellite.

15. The method of one of 1-14, wherein the correction data
comprises at least one of (i) an ionospheric delay per
station per satellite, (ii) an ionospheric delay per station
per satellite and an ionospheric phase bias per satellite,
and (iii) a tropospheric delay per station.

16. The method of one of 1-15, wherein the phase-leveled
geometric correction per satellite comprises a geometric
correction term for each of three locations within the
region from which a geometric correction at an arbitrary
location within the region can be determined.

Computer Program Product

17. A computer program product comprising: a computer
usable medium having computer readable instructions
physically embodied therein, the computer readable
Instructions when executed by a processor enabling the
processor to perform she method of one of 1-16.

18. A computer program comprising a set of instructions
which when loaded in and executed by a processor
enable the processor to perform she method of one of
1-16.

Apparatus

19. Apparatus for processing GNSS data derived from
observations at multiple stations, located within a
region, of GNSS signals of multiple satellites over mul-
tiple epochs, wherein the GNSS signals have at least two
carrier frequencies and the observations include code
observations and carrier-phase observations, compris-
ing:

a. at least one processor configured to obtain at least one
code bias per satellite, an ionospheric delay over the
region, a tropospheric delay over the region, and a
phase-leveled geometric correction per satellite; and

b. a communication channel to make available correc-
tion data for use by a rover located within the region,
the correction data comprising: the ionospheric delay
over the region, the tropospheric delay over the
region, the phase-leveled geometric correction per
satellite, and the at least one code bias per satellite.

20. The apparatus of 19, wherein the at least one processor
obtains the at least one code bias per satellite from a
global network processor.

21. The apparatus of 19, wherein the at least one processor
is operative to estimate a code bias per satellite from
GNSS observations of reference stations of a regional
network.

22. The apparatus of 21, wherein the at least one processor
is operative to fix a set of ambiguities and to estimate at
least one code bias per satellite which is consistent with
integer carrier-phase ambiguities.

23. The apparatus of 22, wherein the code bias comprises a
MW bias which is consistent with integer carrier ambi-
guities

24. The apparatus of one of 22-23, wherein the set of
ambiguities comprises at least one of: (i) widelane ambi-
guities and (ii) L1 and 1.2 ambiguities, (iii) L2E and L.2C
ambiguities, and (iv) a combination of carrier-phase
ambiguities from which widelane ambiguities can be
determined.
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25. The apparatus of one of 19-24, wherein the at least one
processor is operative to determine the ionospheric
delay over the region from a model.

26. The apparatus of one of 19-25, wherein the at least one
processor is operative to estimate from the observations
art ionospheric delay per station per satellite,

27. The apparatus of one of 19-25, wherein the at least one
processor is operative to estimate from the observations
art ionospheric delay per station per satellite and an
ionospheric phase bias per satellite.

28. The apparatus of one of 19-27, wherein the at least one
processor is operative to estimate from the observations
a tropospheric delay per station.

29. The apparatus of 28, wherein the tropospheric delay per
station comprises a zenith total delay per station.

30. The apparatus of one of 19-29, wherein the at least one
processor is operative to estimate a set of ambiguities for
satellites observed by the stations.

31. The apparatus of one of 19-30, wherein the at least one
processor is operative to estimate a geometric correction
which preserves integer nature of carrier-phase ambigu-
ities.

32. The apparatus of one of 19-31, wherein the phase-
leveled geometric correction includes an integer-cycle
bias per satellite.

33. The apparatus of one of 19-32, wherein the correction
data comprises at least one of (i) an ionospheric delay
per station per satellite, and (ii) a tropospheric delay per
station.

34. The apparatus of one of 19-33, wherein the phase-
leveled geometric correction per satellite comprises a
geometric correction term for each of three locations
within the region from which a geometric correction at
an arbitrary location within she region can be deter-
mined.

Past 8.B: Rover Positioning with Regional Augmentation

Methods

1. A method of determining a precise position of a rover
located within a region, comprising:

a. operating a receiver to obtain rover observations com-
prising code observations and carrier-phase observa-
tions of GNSS signals on at least two carrier frequen-
cies,

b. receiving correction data comprising
at least one code bias per satellite,
atleast one of: ii) a fixed-nature MW bias per satellite

and (ii) values from which a fixed-nature MW bias
per satellite is derivable, and at least one of: (iii) an
ionospheric delay per satellite for each of multiple
regional network stations, and (iv) non-ionospheric
corrections;

c. creating rover corrections from the correction data;

d. operating a processor to determine a precise rover
position using the rover observations and the rover
corrections.

2. The method of one of 1, wherein the code bias per
satellite comprises a code bias per satellite estimated by
a global network processor,

3. The method of one of 1-2, wherein the ionospheric delay
per satellite comprises an ionospheric delay estimated
from observations of multiple regional network stations.

4. The method of one of 1-2, wherein the ionospheric delay
per satellite is estimated from a model of ionospheric
delay over the region.
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5. The method of 1, wherein the correction data further
comprises an ionospheric phase bias per satellite.

6. The method of one of 1-5, wherein the non-ionospheric
corrections comprise a tropospheric delay for each of
multiple regional network stations.

7. The method of one of 1-6, wherein the non-ionospheric
corrections comprise a geometric correction per satel-
lite.

8. The method of one of 1-7, wherein the non-ionospheric
corrections comprise, for each satellite in view at the
receiver, a geometric correction representing satellite
position error and satellite clock error.

9. The method of 8, wherein creating rover corrections
from the data set comprises identifying each geometric
correction with a respective satellite observed at the
rover.

10. The method of one of 8-9, wherein using the rover
observations and the rover corrections to determine a
precise rover position comprises: determining a geomet-
ric range per satellite using at least one of (i) broadcast
ephemeris and (ii) precise ephemeris and, for each sat-
ellite, applying the geometric correction to the geomet-
ric range to obtain a corrected geometric range per sat-
ellite.

11. The method of one of 1-10, wherein the non-iono-
spheric corrections comprise, for each satellite in view at
the rover, a geometric correction for each of three loca-
tions in the regions, and wherein creating rover correc-
tions from the correction data comprises, for each satel-
lite in view at the rover, determining a geometric
correction for an approximate rover location from the
geometric corrections for the three locations.

12. The method of one of 1-11, wherein the correction data
comprises an ionospheric delay per satellite at multiple
regional network stations, and wherein creating rover
collections from the data set comprises interpolating an
ionospheric delay for the rough position.

13. The method of one of 1-11, wherein the correction data
comprises an ionospheric delay per satellite at multiple
regional network stations and an ionospheric phase bias
per satellite, and wherein creating rover corrections
from the data set comprises, for each satellite, interpo-
lating an absolute ionospheric delay for tire rough posi-
tion and combining with the ionospheric phase bias.

14. The method of one of 1-13, wherein the data set com-
prises a tropospheric delay per satellite at multiple
regional network stations, and wherein creating rover
corrections from the data set comprises interpolating a
tropospheric delay for the rough position.

15. The method of one of 1-14 wherein using the rover
observations and the rover corrections to determine a
precise rover position comprises: combining the rover
corrections with the rover observations to obtain cor-
rected rover observations, and determining the precise
rover position from the corrected rover observations.

16. The method of one of 1-14, wherein using the rover
observations and the rover corrections to determine a
precise rover position comprises:

a. using the rover corrections to estimate simulated ref-
erence station observables for each of multiple satel-
lites in view at a selected location;

b. differentially processing the rover observations with
the simulated reference station observables to obtain
the precise rover position.

17. The method of 16, wherein using the rover corrections
to estimate simulated reference station observables for
each of multiple satellites in view at a selected location
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comprises using the rover corrections to estimate at least
one simulated reference station carrier-phase observa-
tion for each of multiple satellites observable at a
selected location.

18. The method of one of 16-17, wherein using the rover
corrections to estimate simulated reference station
observables for each of multiple satellites in view at a
selected location comprises using the rover corrections
to estimate at least one simulated reference station code
observation for each of multiple satellites observable at
the selected location.

19. The method of one of 16-18, wherein the selected
location is one of (i) the rough position of the rover and
(ii) a location within 100 m of the rough position of the
rover.

20. The method of one of 16-19, wherein using the rover
corrections to estimate simulated reference station
observables for each of multiple satellites in view at a
selected location is performed in a processor at a loca-
tion remote from the rover.

21. The method of one of 16-19, wherein using the rover
corrections to estimate simulated reference station
observables for each of multiple satellites in view at a
selected location is performed in a processor at the rover.

Computer Program Product

22. A computer program product comprising: a computer
usable medium having computer readable instructions
physically embodied therein, the computer readable
instructions when executed by a processor enabling the
processor to perform she method of one of 1-21.

23. A computer program comprising a set of instructions
which when loaded in and executed by a processor
enable the processor to perform she method of one of
1-21.

Apparatus

24. Apparatus for determining a precise position of a rover
located within a region, comprising:
a. areceiver operative to obtain rover observations com-
prising code observations and carrier-phase observa-
tions of GNSS signals on at least two carrier frequen-
cies,
b. a correction data receiver operative to receive correc-
tion data comprising at least one code bias per satel-
lite,
at least one of: (i) a fixed-nature MW bias per satellite
and (ii) values from which a fixed-nature MW bias
per satellite is derivable, and

at least one of? (iii) an ionospheric delay per satellite
for each of multiple regional network stations, and
(iv) non-ionospheric corrections; and

c. at least one processor operative to create rover correc-
tions from the correction data and operative to deter-
mine a precise rover position using the rover obser-
vations and the rover corrections.

25. The apparatus of 24, wherein the code bias per satellite
comprises a code bias per satellite estimated by a global
network processor.

26. The apparatus of one of 24-25, wherein the ionospheric
delay per satellite comprises an ionospheric delay esti-
mated from observations of multiple regional network
stations.
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27. The apparatus of one 0of 24-25, wherein the ionospheric
delay per satellite is estimated from a model of iono-
spheric delay over the region.

28. The apparatus of 24, wherein the correction data further
comprises an ionospheric phase bias per satellite.

29. The apparatus of one of 24-28, wherein the non-iono-
spheric corrections comprise a tropospheric delay for
each of multiple regional network stations.

30. The apparatus of one of 24-29, whereat the non-iono-
spheric corrections comprise a geometric correction per
satellite.

31. The apparatus of one of 24-30, wherein the non-iono-
spheric corrections comprise, for each satellite in view at
the receiver, a geometric correction representing satel-
lite position error and satellite clock error.

32. The apparatus of 31, wherein said at least one processor
is operative to identify each geometric correction with a
respective satellite observed at the rover.

33. The apparatus of one o 31-32, wherein said at least one
processor is operative to determine a geometric range
per satellite using at least one of (i) broadcast ephemeris
and (ii) precise ephemeris and, for each satellite, and to
apply the geometric correction to the geometric range to
obtain a corrected geometric range per satellite.

34. The apparatus of one of 24-33, wherein the non-iono-
spheric corrections comprise, for each satellite in view at
the rover, a geometric correction for each of three loca-
tions in the regions, and wherein the at least one proces-
sor is operative to determine, for each satellite in view at
the rover, a geometric correction for an approximate
rover location from the geometric corrections for the
three locations.

35. The apparatus of one of 24-33, wherein the correction
data comprises an ionospheric delay per satellite at mul-
tiple regional network stations, and wherein the at least
one processor is operative to interpolate an ionospheric
delay for the rough position.

36. The apparatus of one of 24-35, wherein the correction
data comprises an ionospheric delay per satellite at mul-
tiple regional network stations and an ionospheric phase
bias per satellite, and wherein the at least one processor
is operative to, for each satellite, interpolate an absolute
ionospheric delay for the rough position and combine
with the ionospheric phase bias.

37. The apparatus of one of 24-36, wherein the data set
comprises a tropospheric delay per satellite at multiple
regional network stations, and wherein the at least one
processor is operative to interpolate a tropospheric delay
for the rough position.

38. The apparatus of one of 24-37, wherein the at least one
processor is operative to combine the rover corrections
with the rover observations to obtain corrected rover
observations, and to determine the precise rover position
from the corrected rover observations.

39. The apparatus of one of 24-38, wherein the at least one
processor is operative to use the rover corrections to
estimate simulated reference station observables for
each of multiple satellites in view at a selected location,
and to differentially process the rover observations with
the simulated reference station observables to obtain the
precise rover position.

40. The apparatus of 39, wherein the at least one processor
is operative to use the rover corrections to estimate at
least one simulated reference station carrier-phase
observation for each of multiple satellites observable at
a selected location.
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41. The apparatus of one of 39-40, wherein the at least one
processor is operative to use the rover collections to
estimate at least one simulated reference station code
observation for each of multiple satellites observable at
the selected location.

42. The apparatus of one of 39-41, wherein the selected
location is one of (i) the rough position of the rover and
(ii) a location within 100 m of the rough position of the
rover.

43. The apparatus of one of 39-42, wherein the at least one
processor is remote from the rover.

44. The apparatus of one of 39-42, wherein the at least one
processor is at the rover.

Part 8.C: Regional Correction Data

Data Stream

—_

. A correction data stream for use in determining a precise
position of a rover located within a region from rover
observations comprising code observations and carrier-
phase observations of GNSS signals on at least two
carrier frequencies, the correction data stream compris-
ing at least one code bias per satellite, ionospheric delay
over the region, tropospheric delay over the region, and
a phase-leveled geometric correction per satellite.

2. The correction data stream of 1, wherein the correction
data stream is produced by processing GNSS data,
derived from observations at multiple stations, located
within a region, of GNSS signals of multiple satellites
over multiple epochs, wherein the GNSS signals have at
least two carrier frequencies and the observations
include code observations and carrier-phase observa-
tions.

3. The correction data stream of one of 1-2, wherein the
correction data stream is produced by obtaining at least
one code bias per satellite, obtaining an ionospheric
delay over the region, obtaining a tropospheric delay
over the region, and obtaining a phase-leveled geometric
correction per satellite.

4. The correction data stream of one of 1-3, wherein the at
least one code bias per satellite is consistent with integer
carrier-phase ambiguities.

5. The correction data stream of one of 1-4, wherein the
code bias comprises a MW bias which is consistent with
integer carrier ambiguities

6. The correction data stream of one of 4-5, wherein ambi-
guities comprise at least one of: (i) widelane ambiguities
and (ii) L1 and 1.2 ambiguities, (iii) L2E and L.2C ambi-
guities, and (iv) a combination of carrier-phase ambigu-
ities from which widelane ambiguities can be deter-
mined.

7. The correction data stream of one of 1-6, wherein the
ionospheric delay over the region is estimated from
observations of an ionospheric delay per station per
satellite.

8. The correction data stream of one of 1-6, wherein the
ionospheric delay over the region is obtained from a
model.

9. The correction data stream of one of 1-8, further com-
prising an ionospheric phase bias per satellite.

10. The correction data stream of one of 1-9, wherein the
tropospheric delay over the region is estimated from the
observations of a tropospheric delay per station.

11. The correction data stream of 10, wherein the tropo-

spheric delay per station comprises a zenith total delay

per station.
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12. The correction data stream of one of 1-11, wherein the
phase-leveled geometric correction per satellite is esti-
mated so as to preserve integer nature of carrier-phase
ambiguities.

13. The correction data stream of one of 1-12, wherein the
phase-leveled geometric correction includes an integer-
cycle bias per satellite.

14. The correction data stream of one of 1-13, comprising
at least one of (i) an ionospheric delay per station per
satellite, and (ii) a tropospheric delay per station.

15. The correction data stream of one of 1-14, wherein the
phase-leveled geometric correction per satellite com-
prises a geometric correction term for each of three
locations within the region from which a geometric cor-
rection at an arbitrary location within the region can be
determined.

Part 8.D: Regional Correction Data Format

Encoding—Methods

1. A method of preparing a GNSS correction message,
comprising:

a. receiving correction data derived from observations at
multiple stations, located within a region, of GNSS
signals of multiple satellites over multiple epochs,

b. separating the regional correction data into network
elements relating to substantially all of the stations
and cluster elements relating to subsets of the stations,

c. constructing a correction message comprising at least
one network message containing network elements
and at least one cluster message containing cluster
elements.

2. The method of 1, wherein the correction message com-
prises a plurality of correction-message epochs, each
correction-message epoch comprising a network mes-
sage and at least one cluster message.

3. The method of one of 1-2, wherein the correction mes-
sage of a first correction-message epoch comprises clus-
ter messages of a first group of clusters, and the correc-
tion message of a second correction message epoch
comprises cluster messages of a second group of clus-
ters.

4. The method of one of 1-3, wherein at least one cluster
message for each subset of the stations is included in a
series of correction-message epochs.

5. The method of one of 1-4, wherein the network elements
comprise at least one of a geometric correction per sat-
ellite and a code bias per satellite.

6. The method of 5, wherein the network elements com-
prise at least one of a time tag, a location of a point in the
network, and a number of following cluster messages.

7. The method of one of 1-6, wherein the cluster elements
comprise at least one of a tropospheric scaling per sta-
tion, an ionospheric correction per station per satellite,
and a location per station.

8. The method of one of 1-7, wherein the correction data
comprises at least one code bias per satellite, at leas; one
of a fixed-nature MW bias per satellite and values from
which a fixed-nature MW bias per satellite is derivable,
and at least one of: an ionospheric delay per satellite for
each of multiple regional network stations, and non-
ionospheric corrections.

9. The method of one of 1-8, wherein the correction data
comprises an ionospheric delay per satellite for each of
multiple regional network stations and an ionospheric
phase bias per satellite.
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10. The method of one of 1-8, wherein the network ele-
ments comprise an ionospheric phase bias per satellite
and the cluster elements comprise art ionospheric delay
per satellite for each of multiple regional network sta-
tions.

Encoding—Computer Program Product

11. A computer program product comprising: a computer
usable medium having computer readable instructions
physically embodied therein, the computer readable
instructions when executed by a processor enabling the
processor to perform the method of one of 1-10.

2. A computer program comprising a set of instructions
which when loaded in and executed by a processor
enable the processor to perform the method of one of
1-10.

Encoding—Apparatus

13. Apparatus comprising a processor with instructions
enabling the processor to prepare a GNSS correction
message for correction derived from observations at
multiple stations, located within a region, of GNSS sig-
nals of multiple satellites over multiple epochs by sepa-
rating the regional correction data into network elements
relating to substantially all of the stations and cluster
elements relating to subsets of the stations, and con-
structing a correction message comprising at least one
network message containing network elements and at
least one cluster message containing cluster elements.

14. The apparatus of 13, wherein the correction, message
comprises a plurality of correction-message epochs,
each correction-message epoch comprising a network
message and at least one cluster message.

15. The apparatus of one of 13-14, wherein the collection
message of a first correction-message epoch comprises
cluster messages of a first group of clusters, and the
correction message of a second correction message
epoch comprises cluster messages of a second group of
clusters.

16. The apparatus of one of 13-15, wherein at least one
cluster message for each subset of the stations is
included in a series of correction-message epochs.

17. The apparatus of one of 13-16, wherein the network
elements comprise at least one of a geometric correction
per satellite and a code bias per satellite.

18. The apparatus of 17, wherein the network elements
comprise at least one of a time tag, a location of a point
in the network, and a number of following cluster mes-
sages.

19. The apparatus of one of 13-15, wherein the cluster
elements comprise at least one of a tropospheric scaling
per station, an ionospheric correction per station per
satellite, and a location per station.

20. The apparatus of one of 13-19, wherein the correction
data comprises at least one code bias per satellite, at least
one of a fixed-nature MW bias per satellite and values
from which a fixed-nature MW bias per satellite is deriv-
able, and at least one of: an ionospheric delay per satel-
lite for each of multiple regional network stations, and
non-lonospheric corrections.

21. The apparatus of one of 13-20, wherein the correction
data comprises an ionospheric delay per satellite for
each of multiple regional network stations and an iono-
spheric phase bias per satellite.
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22. The apparatus of one of 13-20, wherein the network
elements comprise an ionospheric phase bias per satel-
lite and the cluster elements comprise an ionospheric
delay per satellite for each of multiple regional network
stations.

Decoding—Methods

1. A method of preparing regional GNSS corrections from
a correction message having at least one network mes-
sage containing network demerits relating to substan-
tially all stations of a network of stations located within
a region, and having at least one cluster message with
each cluster message containing duster elements relat-
ing to a respective subset of the stations, comprising:
extracting network, elements from the at least one net-
work message, extracting cluster elements from the at
least one cluster message, and preparing from the net-
work elements and the cluster elements correction data
suitable for use with rover observations to determine a
precise position of a rover within the region.

2. The method of 1, wherein the correction message com-
prises a plurality of correction-message epochs, each
correction-message epoch comprising a network mes-
sage and at least one cluster message.

3. The method of one of 1-2, wherein the correction mes-
sage of a first correction-message epoch comprises clus-
ter messages of a first group of clusters, and the correc-
tion message of a second correction message epoch
comprises cluster messages of a second group of clus-
ters.

4. The method of one of 1-3, wherein at least one cluster
message for each subset of the stations is included in a
series of correction-message epochs.

5. The method of one of 1-4, wherein the network elements
comprise at least one of a geometric correction per sat-
ellite and a code bias per satellite.

6. The method of 5, wherein the network elements com-
prise at least one of a time tag, a location of a point in the
network, and a number of following cluster messages.

7. The method of one of 1-6, wherein the cluster demerits
comprise at least one of a tropospheric scaling per sta-
tion, an ionospheric correction per station per satellite,
and a location per station.

8. The method of one of 1-7, wherein the correction data
comprises at least one code bias per satellite, at least one
of'a fixed-nature MW bias per satellite and valises from
which a fixed-nature MW bias per satellite is derivable,
and at least one of: an ionospheric delay per satellite for
each of multiple regional network stations, and non-
ionospheric corrections.

9. The method of one of 1-8, wherein the correction data
comprises an ionospheric delay per satellite for each of
multiple regional network stations and an ionospheric
phase bias per satellite.

10. The method of one of 1-8, wherein, the network ele-
ments comprise an ionospheric phase bias per satellite
and the cluster elements comprise an ionospheric delay
per satellite for each of multiple regional network sta-
tions.

Decoding—Computer Program Product
11. A computer program product comprising: a computer

usable medium having computer readable instructions
physically embodied therein, the computer readable
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instructions when executed by a processor enabling the
processor to perform the method of one of 1-10.

12. A computer program comprising a set of instructions
which when loaded in and executed by a processor
enable the processor to perform the method of one of
1-10.

Decoding—Apparatus

13. Apparatus comprising a processor with instructions
enabling the processor to prepare regional GNSS cor-
rections from a correction message having at least one
network message containing network elements relating
to substantially all stations of a network of stations
located within a region, and having at least one cluster
message with each cluster message containing cluster
elements relating to a respective subset of the stations,
by extracting network elements from the at least one
network message, extracting cluster elements from the
at least one cluster message, and preparing from the
network elements and the cluster elements correction
data suitable for use with rover observations to deter-
mine a precise position of a rover within the region.

14. The apparatus of 13, wherein the correction message
comprises a plurality of correction-message epochs,
each correction-message epoch comprising a network
message and at least one cluster message.

15. The apparatus of one of 13-14, wherein the correction
message of a first correction-message epoch comprises
cluster messages of a first group of clusters, and the
correction message of a second correction message
epoch comprises cluster messages of a second group of
clusters.

16. The apparatus of one of 13-15, wherein at least one
cluster message for each subset of the stations is
included in a series of correction-message epochs.

17. The apparatus of one of 13-16, wherein the network
elements comprise at least one of a geometric correction
per satellite and a code bias per satellite,

18. The apparatus of 17, wherein the network elements
comprise at least one of a time tag, a location of a point
in the network, and a number of following cluster mes-
sages.

19. The apparatus of one of 13-18, wherein the cluster
elements comprise at least one of a tropospheric scaling
per station, an ionospheric correction per station per
satellite, and a location per station.

20. The apparatus of one of 13-19, wherein the correction
data comprises at least one code bias per satellite, at least
one of a fixed-nature MW bias per satellite and values
from which a fixed-nature MW bias per satellite is deriv-
able, and at least one of: an ionospheric delay per satel-
lite for each of multiple regional network stations, and
non-ionospheric corrections.

21. The apparatus of one of 13-20, wherein the correction
data comprises art ionospheric delay per satellite for
each of multiple regional network stations and an iono-
spheric phase bias per satellite.

22. The apparatus of one of 13-20, wherein the network
elements comprise an ionospheric phase bias per satel-
lite and the cluster elements comprise an ionospheric
delay per satellite for each of multiple regional network
stations.

The invention claimed is:

1. A method of operating one or more processors each

having associated data storage and program code to deter-
mine rover correction data, the method comprising:
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operating the one or more processors to process global
navigation satellite system (GNSS) data derived from
observations at multiple stations, located within a local
region, of GNSS signals of multiple satellites over mul-
tiple epochs, wherein the GNSS signals have at least two
carrier frequencies and the observations include code
observations and carrier-phase observations, wherein
the one or more processors use the observations to:
operating the one or more processors to obtain at least
one code bias for each of the multiple satellites;
obtain an ionospheric delay over the local region;
obtain a tropospheric delay over the local region; and
obtain a phase-leveled geometric correction for each of
the multiple satellites, wherein the phase-leveled geo-
metric correction is based at least on geometric range,
satellite clock error, and carrier-phase ambiguities;
transmitting correction data to a rover located within the
local region, the correction data comprising: the iono-
spheric delay over the local region, the tropospheric
delay over the local region, the phase-leveled geometric
correction for each of the multiple satellites, and the at
least one code bias for each of the multiple satellites.

2. The method of claim 1, wherein obtaining at least one
code bias for each of the multiple satellites comprises obtain-
ing an estimated code bias for each of the multiple satellites
from a global network processor.

3. The method of claim 1, wherein obtaining at least one
code bias for each of the multiple satellites comprises oper-
ating a processor to estimate a code bias for each of the
multiple satellites from GNSS observations of the multiple
stations.

4. The method of claim 3, wherein obtaining the code bias
comprises operating a processor to fix a set of ambiguities and
to estimate at least one code bias for each of the multiple
satellites which is consistent with integer carrier-phase ambi-
guities.

5. The method of claim 4, wherein the code bias comprises
a Melbourne-Wiibenna (MW) bias that is consistent with
integer carrier ambiguities.

6. The method of claim 4, wherein the set of ambiguities
comprises at least one of: (i) widelane ambiguities, (ii) .1 and
L2 ambiguities, (iii) L2E and L.2C ambiguities, and (iv) a
combination of carrier-phase ambiguities from which
widelane ambiguities can be determined.

7. The method of claim 1, wherein obtaining an iono-
spheric delay over the region comprises operating a processor
to determine the ionospheric delay over the local region from
a model.

8. The method of claim 1, wherein obtaining an iono-
spheric delay over the local region comprises operating a
processor to estimate from the observations an ionospheric
delay per station for each of the multiple satellites.

9. The method of claim 1, wherein obtaining an iono-
spheric delay over the local region comprises operating a
processor to estimate from the observations an ionospheric
delay per station for each of the multiple satellites and an
ionospheric phase bias for each of the multiple satellites.

10. The method of claim 1, wherein obtaining a tropo-
spheric delay over the local region comprises operating a
processor to estimate from the observations a tropospheric
delay per station.

11. The method of claim 10, wherein the tropospheric
delay per station comprises a zenith total delay per station.

12. The method of claim 1, wherein obtaining a phase-
leveled geometric correction for each of the multiple satellites
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comprises operating a processor to estimate a geometric cor-
rection which preserves integer nature of carrier-phase ambi-
guities.

13. The method of claim 1, wherein the phase-leveled
geometric correction includes an integer-cycle bias per satel-
lite.

14. The method of claim 1, wherein the correction data
comprises at least one of (i) an ionospheric delay per station
for each of the multiple satellites, (ii) an ionospheric delay per
station for each of the multiple satellites and an ionospheric
phase bias for each of the multiple satellites, and (iii) a tro-
pospheric delay per station.

15. The method of claim 1, wherein the phase-leveled
geometric correction for each of the multiple satellites com-
prises a geometric correction term for each of three locations
within the local region from which a geometric correction at
an arbitrary location within the local region can be deter-
mined.

16. A computer program product comprising: a non-tran-
sitory computer usable medium having computer readable
instructions physically embodied therein, the computer read-
able instructions when executed by a processor enabling the
one or more processors to perform the method of claim 1.

17. Apparatus for determining rover correction data, com-
prising:

at least one processor operative to process global naviga-

tion satellite system (GNSS) data derived from observa-
tions at multiple stations, located within a local region,
of GNSS signals of multiple satellites over multiple
epochs, wherein the GNSS signals have at least two
carrier frequencies and the observations include code
observations and carrier-phase observations, wherein
the at least one processor is also operative to use the
observations to obtain: at least one code bias for each of
the multiple satellites, an ionospheric delay over the
local region, a tropospheric delay over the local region,
and a phase-leveled geometric correction for each of'the
multiple satellites, wherein obtaining the phase-leveled
geometric correction comprises operating the at least
one processor to estimate a set of carrier-phase ambigu-
ities for the multiple satellites and using at least some of
the set of carrier-phase ambiguities to estimate the
phase-leveled geometric correction for each of the mul-
tiple satellites; and

atransmitter operative to transmit correction data to arover

located within the local region, the correction data com-
prising: the ionospheric delay over the local region, the
tropospheric delay over the local region, the phase-lev-
eled geometric correction for each of the multiple satel-
lites, and the at least one code bias for each of the
multiple satellites.

18. The apparatus of claim 17, wherein the at least one
processor obtains the at least one code bias for each of the
multiple satellites from a global network processor.

19. The apparatus of claim 17, wherein the at least one
processor is operative to estimate a code bias for each of the
multiple satellites from GNSS observations of the multiple
stations.

20. The apparatus of claim 19, wherein the at least one
processor is operative to fix the set of carrier-phase ambigu-
ities and to estimate the at least one code bias for each of the
multiple satellites which is consistent with integer carrier-
phase ambiguities.

21. The apparatus of claim 20, wherein the code bias com-
prises a Melbourne-Wiibenna (MW) bias that is consistent
with integer carrier ambiguities.
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22. The apparatus of claim 20, wherein the set of carrier-
phase ambiguities comprises at least one of: (i) widelane
ambiguities, (i1) L1 and L2 carrier-phase ambiguities, (iii)
L2E and L.2C carrier-phase ambiguities, and (iv) a combina-
tion of carrier-phase ambiguities from which widelane ambi-
guities can be determined.

23. The apparatus of claim 17, wherein the at least one
processor is operative to determine the ionospheric delay over
the local region from a model.

24. The apparatus of claim 17, wherein the at least one
processor is operative to estimate from the observations an
ionospheric delay per station for each of the multiple satel-
lites.

25. The apparatus of claim 17, wherein the at least one
processor is operative to estimate from the observations an
ionospheric delay per station for each of the multiple satel-
lites and an ionospheric phase bias for each of the multiple
satellites.

26. The apparatus of claim 17, wherein the at least one
processor is operative to estimate from the observations a
tropospheric delay per station.

27. The apparatus of claim 26, wherein the tropospheric
delay per station comprises a zenith total delay per station.

28. The apparatus of claim 17, wherein the at least one
processor is operative to estimate a geometric correction that
preserves integer nature of carrier-phase ambiguities.

29. The apparatus of claim 17, wherein the phase-leveled
geometric correction includes an integer-cycle bias for each
of the multiple satellites.

30. The apparatus of claim 17, wherein the correction data
comprises at least one of (i) an ionospheric delay per station
for each of the multiple satellites, and (ii) a tropospheric delay
per station.
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31. The apparatus of claim 17, wherein the phase-leveled
geometric correction for each of the multiple satellites com-
prises a geometric correction term for each of three locations
within the local region from which a geometric correction at
an arbitrary location within the local region can be deter-
mined.

32. A method of operating one or more processors each
having associated data storage and program code to deter-
mine rover correction data, the method comprising:

operating the one or more processors to process global
navigation satellite system (GNSS) data derived from
observations at multiple stations, located within a local
region, of GNSS signals of multiple satellites over mul-
tiple epochs, wherein the GNSS signals have at least two
carrier frequencies and the observations include code
observations and carrier-phase observations, wherein
the one or more processors use the observations to deter-
mine correction data that includes:

at least one code bias for each of the multiple satellites;
an ionospheric delay over the local region;
a tropospheric delay over the local region; and

a phase-leveled geometric correction for each of the
multiple satellites, wherein the phase-leveled geo-
metric correction is based at least on geometric range,
satellite clock error, and carrier-phase ambiguities
without considering ionospheric delay;

transmitting at least a portion of the correction data to a
rover located within the local region.
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